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BRIEF ON APPEAL 

(I) Real Party in Interest 

The real party in interest is Mayo Foundation for Medical Education and Research. 




(II) Related Appeals and Interferences 

None. 

(III) Status of Claims 

Claims 57-96 are pending, and stand finally rejected. 



(IV) Status of Amendments 

All amendments have been entered. 



(V) Summary of Claimed Subject Matter 

In general, claims 57-96 are directed toward articles of manufacture that comprise two 
primers and/or two probes. 

Independent claims 57, 59, 61, 63, 69, and 96 are directed toward articles of manufacture 
that comprise a pair of capB primers and/or a pair of capB probes. See, for example, page 12, 
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lines 5-8. The pair of capB primers includes a first capB primer and a second capB primer (see, 
for example, page 12, lines 12-20), and the pair of capB probes includes a first capB probe and a 
second capB probe (see, for example, page 12, line 21 - page 13, line 6). The particular primer 
or probe sequences recited in claims 57-69 and 96 can be found, for example, in Example 1, 
pages 27-28. 

Independent claims 70, 72, 74, 76, 82, and 96 are directed toward articles of manufacture 
that comprise a pair of pagA primers and/or a pair of pagA probes. See, for example, page 12, 
lines 5-8. The pair of pagA primers includes a first pagA primer and a second pagA primer (see, 
for example, page 12, lines 12-20), and the pair of pagA probes includes a first pagA probe and a 
second pagA probe (see, for example, page 12, line 21 - page 13, line 6). The particular primer 
or probe sequences recited in claims 70-82 and 96 can be found, for example, in Example 1, 
pages 27-28. 

Specifically, independent claims 83, 85, 87, 89, 95, and 96 are directed toward articles of 
manufacture that comprise a pair of lef primers and/or a pair of lef probes. See, for example, 
page 12, lines 5-8. The pair of lef primers includes a first lef primer and a second lef primer (see, 
for example, page 12, lines 12-20), and the pair of lef probes includes a first lef probe and a 
second lef probe (see, for example, page 12, line 21 - page 13, line 6). The particular primer or 
probe sequences recited in claims 83-96 can be found, for example, in Example 1, pages 27-28. 

(VI) Grounds of Rejection 

Copies of the references are attached in Appendix IX. 

(A) Claims 57-64 and 67-69 stand rejected under 35 U.S.C. §103 as being 
unpatentable over Ramisse et al. (FEMS Microbiology Letters, 145:9-16, 1996), Makino et al. (J. 
Bacteriol, 171:722-30, 1989), and Buck et al. {Biotechniques, 1999, 27:528-36). 

(B) Claims 65 and 66 stand rejected under 35 U.S.C. §103 as being unpatentable over 
Ramisse et al, Makino et al, Buck et al., and further in view of Wittwer et al. (Biotechniques, 
22:130-138, 1997) and Qi et al. (Appl. Env. Microbiol,, 67:3720-3727, 2001). 

(C) Claims 70-77 and 80-82 stand rejected under 35 U.S.C. §103 as being 
unpatentable over Ramisse et al, Price et al., and Buck et al. 

(D) Claims 78 and 79 stand rejected under 35 U.S.C. §103 as being unpatentable over 
Ramisse et al, Price et al., Buck et al., and further in view of Wittwer et al. and Qi et al. 
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(E) Claims 83-90 and 93-95 stand rejected under 35 U.S.C. §103 as being 
unpatentable over Ramisse et al., Bragg et al., and Buck et al. 

(F) Claims 91 and 92 stand rejected under 35 U.S.C. §103 as being unpatentable over 
Ramisse et al., Bragg et al., Buck et al, and further in view of Wittwer et al. and Qi et al. 

(G) Claim 96 stands rejected under 35 U.S.C. §103 as being unpatentable over 
Ramisse et al., Makino et al., Price et al, Bragg et al., and Buck et al. 

(VII) Arguments 

(A) The 35 U.S.C. 103(a) rejections over Ramisse et al., Makino et al., and Buck et al. 
Claims 57, 59, 61, 63, and 69 

Ramisse et al. discloses capB primer sequences. Ramisse et al. does not teach or suggest 
the particular primer sequences recited in independent claims 57 (SEQ ID NO:l), 59 (SEQ ID 
NO:2), or 69 (SEQ ID NOs:l and 2). Ramisse et al. also does not teach or suggest the particular 
probe sequences recited in independent claims 61 (SEQ ID NO:3), 63 (SEQ ID NO:4), or 69 
(SEQ ID NOs:3 and 4). 

Makino et al. discloses the sequence of capB. Makino et al. does not teach or suggest the 
particular primer sequences recited in independent claims 57, 59, or 69. Makino et al. also does 
not teach or suggest the particular probe sequences recited in independent claims 61, 63, or 69. 

Buck et al. discloses that a number of different sequencing primers all were used 
successfully to sequence a particular target nucleic acid. Buck et al. compared sequencing 
primers using rhodamine or dichlororhodamine dye terminators in automated sequencing 
reactions. The results of Buck et al. were not based on amplification of capB nucleic acid 
sequences, and were not even based on amplification of B. anthracis nucleic acid sequences. 

Even ignoring the fact that Buck et al. does not use B. anthracis nucleic acids, an 
automated sequencing reaction is significantly different than, for example, a PCR amplification 
reaction in which, generally, at least two oligonucleotides are used, or a real-time PCR 
amplification reaction in which, generally, at least four oligonucleotides are used. Applicants 
submit that the results reported by Buck et al. using sequencing primers are not representative of 
results using different primer and probe sequences in various types of amplification reactions. 
Primer design for PCR amplification and primer and probe design for real-time PCR 
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amplification is not always predictable. Applicants provide the following evidence to support 
this assertion. 

The guidelines published by the University of Chicago Cancer Research Center DNA 
Sequencing Facility state ". . .be aware that no set of guidelines will always accurately predict the 
success of a primer. Some primers may fail for no apparent reason, and primers that appear to be 
poor candidates may work well." In addition, there are several peer-reviewed publications that 
compare different primer sets or compare the same primer set under different amplification 
conditions. For example, Csordas et al. (2004, Lett. App. Microbiol, 39:187-193) states that 
"[p]rimers originally designed for end-point PCR did not have adequate specificity or sensitivity 
compared with those specifically designed for real-time PCR" (see the Abstract); Elnifro et al. 
(2000, Clin. Microbiol Rev., 13:559-570) states that "[e]mpirical testing and a trial-and-error 
approach may have to be used when testing several primer pairs, because there are no means to 
predict the performance characteristics of a selected primer pair even among those that satisfy 
the general parameters of primer design" (first full sentence on page 560); Tichopad et al. (2004, 
Mol Cell Probes, 18:45-50) states that "unknown tissue-specific factors can influence 
amplification kinetics but this affect can be ameliorated, in part, by appropriate primer selection" 
(see the Abstract); and Abd-Elsalam (2003, African J. Biotech., 2:91-95) states that "...the most 
critical parameter for successful PCR is the design of primers" (see first full paragraph on page 
94). See also Ballard et al., 2005, Antimicrob. Agents Chemotherapy, 49:77-81. Copies of these 
references are attached in Appendix DC. 

The Examiner is using Buck et al. as a reference that ostensibly provides both motiviation 
and a reasonable expectation of success (i.e., that any oligonucleotide will work). Using a single 
oligonucleotide in a sequencing reaction as Buck et al. does is vastly different than using two, 
three, or four oligonucleotides in a real-time PCR amplification reaction. See, for example, 
Csordas et al., discussed above. The premise of Buck et al. may be true for sequencing reactions 
on the template DNAs reported therein, but it is certainly not true for amplification reactions, 
particularly real-time amplification reactions, on completely different template nucleic acids. 
Therefore, by combining various references with Buck et al., the Examiner has changed the 
principle of operation of Buck et al., which renders Buck et al. unsatisfactory for its purpose. 
See MPEP §2143.01, last section. 
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In addition, the particular primer and probe sequences recited in claims 57 (SEQ ID 
NO:l), 59 (SEQ ID NO:2), 61 (SEQ ID NO:3), 63 (SEQ ID NO:4), or 69 (SEQ ID NOs:l-4) are 
not obvious over any combination of the cited references because the sequences disclosed in the 
present specification exhibit high sensitivity and specificity toward their targets. Examples 1, 4 
and 5 of the specification discuss the sensitivity and specificity of the claimed sequences. In 
addition, each of the claimed probe sequences (SEQ ID NOs:3 and 4) has a particular melting 
temperature, which can be used to confirm the presence or absence of 5. anthracis in a sample. 
Therefore, the claimed probe sequences can be used to further increase the accuracy of detecting 
B. anthracis. See, for example, page 23, lines 5-7 and Example 3 of the specification. 

The Examiner asserted that the claimed sequences represent "structural homologs" of the 
oligonucleotides taught in the prior art, and cited In re Deuel to support this assertion. In re 
Deuel is not relevant to the pending claims reciting a particular sequence, as In re Deuel dealt 
with the obviousness of nucleic acid sequences over prior art references that disclosed an amino 
acid sequence (or a partial amino acid sequence) encoded by such nucleic acid sequences. The 
claimed primer and probe sequences are not "structural homolog[s]" of the sequences disclosed 
in the art. In re Deuel does not indicate that a primer or probe sequence that is complementary to 
a target sequence is a "structural homolog." 

Applicants are aware of no case law standing for the proposition that a longer sequence 
makes per se obvious specific primer and probe sequences from within that longer sequence. 
Based on the current case law, the claimed primer and probe sequences are not obvious over the 
cited references. See, for example, In re Bell, 991, F.2d 781, 26 USPQ2d 1529 (Fed. Cir. 1993) 
("given the nearly infinite number of possibilities suggested by the prior art, and the failure of 
the cited prior art to suggest which of those possibilities [to select], the claimed sequences would 
not have been obvious"; Appendix IX). 

In addition, a longer sequence can be viewed as representing a very large genus of 
possible sub-sequences from which appropriate primers and probes must be selected. Also based 
on current case law, the claimed primer and probe sequences are not obvious over the cited 
references. See, for example, In re Jones, 958 F.2d 347, 21 USPQ2d 1941 (Fed. Cir. 1992) 
("[t]hat the claimed compound is a species of a genus disclosed in a prior art reference does not 
necessarily make the compound prima facie obvious"; Appendix IX). 
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Claims 58, 60, 62, and 64 

Claim 58 depends from claim 57, and claim 60 depends from claim 59. Claims 58 and 
60 each recite an article of manufacture that includes both the first capB primer sequence (SEQ 
ID NO:l) and the second capB primer sequence (SEQ ED NO:2). Claim 62 depends from claim 
61, and claim 64 depends from claim 63. Claims 62 and 64 each recite an article of manufacture 
that includes both the first capB probe (SEQ ED NO:3) and the second capB probe (SEQ ED 
NO:4). 

Applicants' arguments concerning deficiencies in the cited references, particularly those 
in Buck et al., and in the Examiner's reasoning, particularly with respect to In re Deuel, are 
reiterated. The cited references, in any combination, do not teach or suggest articles of 
manufacture that include the tog particular primers recited in claims 58 and 60 or the tog 
particular probes recited in claims 62 and 64. 

Claims 67 and 68 

Claim 67 depends from claims 57 or 59 and claim 68 depends from claims 61 or 63. 
Claims 67 and 68 are directed toward instructions for using the claimed capB primer sequences 
and capB probe sequences. 

As indicated in the arguments above, independent claims 57, 59, 61, and 63 are not 
obvious over the cited references. According to MPEP §2143.03, if an independent claim is 
nonobvious under 35 USC §103, then any claim depending therefrom is nonobvious. 

(B) The 35 U.S.C. § 103(a) rejections over Ramisse et al., Makino et al., Buck et al, 
and further in view of Wittwer et al. and Qi et al. 
Claims 65 and 66 

Claims 65 and 66 depend, either directly or indirectly, from claims 61 or 63. Claim 65 is 
directed toward a donor fluorescent moiety and a corresponding acceptor fluorescent moiety, and 
claim 66 is directed toward the claimed capB probe sequences labeled with such fluorescent 
moieties. 

Ramisse et al. is discussed above, and does not teach or suggest the probe sequences 
recited in independent claims 61 (SEQ ID NO:3) or 63 (SEQ ID NO:4). 

Makino et al. is discussed above, and does not teach or suggest the probe sequences 
recited in independent claims 61 or 63. 
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Buck et al. is discussed above. The arguments above are reiterated with respect to this 
rejection and these claims. 

Wittwer et al. discloses fluorescent donor-labeled and fluorescent acceptor-labeled 
probes. Wittwer et al. does not teach or suggest the probe sequences recited in independent 
claims 61 or 63. 

Qi et al. discloses real-time PCR detection of B. anthracis using primers and probes 
directed toward rpoB nucleic acid sequences, wherein the probes are labeled with donor and 
acceptor moieties. Qi et al. does not teach or suggest the probe sequences recited in independent 
claims 61 or 63. 

The remarks above regarding the high sensitivity and specificity of the claimed sequences 
and regarding the melting temperature are reiterated herein with respect to the probe sequences 
recited in independent claims 61 and 63. 

The arguments regarding the Examiner's assertions with respect In re Deuel are reiterated 
with respect to this rejection and these claims. 

(C) The 35 U.S.C. § 103(a) rejections over Ramisse et al., Price et al., and Buck et al. 
Claims 70. 72, 74, 76, and 82 

Ramisse et al. discloses pagA primer sequences. Ramisse et al. does not teach or suggest 
the particular primer sequences recited in independent claims 70 (SEQ ID NO:5), 72 (SEQ ID 
NO:6), or 82 (SEQ ID NOs:5 and 6). Ramisse et al. also does not teach or suggest the particular 
probe sequences recited in independent claims 74 (SEQ ID NO:7), 76 (SEQ ID NO:8), or 82 
(SEQ ID NOs:7 and 8). 

Price et al. discloses pagA primers. Price et al. does not teach or suggest the particular 
primer sequences recited in independent claims 70, 72, or 82. Price et al. also does not teach or 
suggest the particular probe sequences recited in independent claims 74, 76, or 82. 

Buck et al. is discussed above. The arguments above are reiterated with respect to this 
rejection and these claims. 

The remarks above regarding the high sensitivity and specificity of the claimed primer 
and probe sequences are reiterated herein with respect to the primer and probe sequences recited 
in independent claims 70, 72, 74, 76, and 82. 
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The arguments regarding the Examiner's assertions with respect In re Deuel are reiterated 
with respect to this rejection and this claim. 
Claims 71,73,75, and 77 

Claim 71 depends from claim 70, and claim 73 depends from claim 72. Claims 71 and 
73 each recite an article of manufacture that includes both the first pagA primer sequence (SEQ 
ID NO:5) and the second pagA primer sequence (SEQ ED NO:6). Claim 75 depends from claim 
74, and claim 77 depends from claim 76. Claims 75 and 77 each recite an article of manufacture 
that includes both the first pagA probe (SEQ ID NO:7) and the second pagA probe (SEQ ID 
NO:8). 

Applicants' arguments concerning deficiencies in the cited references, particularly those 
in Buck et al, and in the Examiner's reasoning, particularly with respect to In re Deuel, are 
reiterated. The cited references, in any combination, do not teach or suggest articles of 
manufacture that include the two particular primers recited in claims 71 and 73 or the |M2 
particular probes recited in claims 75 and 77. 

Claims 80 and 81 

Claim 80 depends from claims 70 or 72 and claim 81 depends from claims 74 or 76. 
Claims 80 and 81 are directed toward instructions for using the claimed pagA primer sequences 
and pagA probe sequences. 

As indicated in the arguments above, independent claims 70, 72, 74, and 76 are not 
obvious over the cited references. According to MPEP §2143.03, if an independent claim is 
nonobvious under 35 USC §103, then any claim depending therefrom is nonobvious. 

(D) The 35 U.S.C. § 103(a) rejections over Ramisse et al., Price et al., Buck et al., and 
further in view of Wittwer et al. and Qi et al. 
Claims 78 and 79 

Claims 78 and 79 depend, either directly or indirectly, from claims 74 or 76. Claim 78 is 
directed toward a donor fluorescent moiety and a corresponding acceptor fluorescent moiety, and 
claim 79 is directed toward the claimed pagA probe sequences labeled with such fluorescent 
moieties. 

Ramisse et al. is discussed above, and does not teach or suggest the probe sequences 
recited in independent claims 74 (SEQ ID NO:7) or 76 (SEQ ID NO:8). 
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Makino et al. is discussed above, and does not teach or suggest the probe sequences 
recited in independent claims 74 or 76. 

Buck et al. is discussed above. The arguments above are reiterated with respect to this 
rejection and these claims. 

Wittwer et al. is discussed above, and does not teach or suggest the probe sequences 
recited in independent claims 74 or 76. 

Qi et al. is discussed above, and does not teach or suggest the probe sequences recited in 
independent claims 74 or 76. 

The remarks above regarding the high sensitivity and specificity of the claimed sequences 
and regarding the melting temperature are reiterated herein with respect to the probe sequences 
recited in independent claims 74 and 76. 

The arguments regarding the Examiner's assertions with respect In re Deuel are reiterated 
with respect to this rejection and these claims. 

(E) The 35 U.S.C. § 103(a) rejections over Ramisse et al., Bragg et al., and Buck et al. 
Claims 83. 85, 87, 89, and 95 

Ramisse et al. discloses lef primer sequences. Ramisse et al. does not teach or suggest 
the particular primer sequences recited in independent claims 83 (SEQ ED NO:9), 85 (SEQ ID 
NO: 10), or 95 (SEQ ID NOs:9 and 10). Ramisse et al. also does not teach or suggest the 
particular probe sequences recited in independent claims 87 (SEQ ID NO:l 1), 89 (SEQ ID 
NO: 12), or 95 (SEQ ID NOs:ll and 12). 

Bragg et al. discloses the sequence of the lef gene. Bragg et al. does not teach or suggest 
the particular primer sequences recited in independent claims 83, 85, or 95. Bragg et al. also 
does not teach or suggest the particular probe sequences recited in independent claims 87, 89, or 
95. 

Buck et al. is discussed above. The arguments above are reiterated with respect to this 
rejection and these claims. 

The remarks above regarding the high sensitivity and specificity of the claimed primer 
and probe sequences are reiterated herein with respect to the primer and probe sequences recited 
in independent claims 83, 85, 87, 89, and 95. 
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The arguments regarding the Examiner's assertions with respect In re Deuel are reiterated 
with respect to this rejection and these claims. 
Claims 84. 86, 88, and 90 

Claim 84 depends from claim 83, and claim 86 depends from claim 85. Claims 84 and 
86 each recite an article of manufacture that includes both the first lef primer sequence (SEQ ID 
NO:9) and the second lef primer sequence (SEQ ID NO: 10). Claim 88 depends from claim 87, 
and claim 90 depends from claim 89. Claims 88 and 90 each recite an article of manufacture that 
includes both the first /e/probe (SEQ ID NO: 11) and the second /e/probe (SEQ ID NO: 12). 

Applicants' arguments concerning deficiencies in the cited references, particularly those 
in Buck et al., and in the Examiner's reasoning, particularly with respect to In re Deuel, are 
reiterated. The cited references, in any combination, do not teach or suggest articles of 
manufacture that include the two particular primers recited in claims 84 and 86 or the two 
particular probes recited in claims 88 and 90. 

Claims 93 and 94 

Claim 93 depends from claims 83 or 85 and claim 94 depends from claims 87 or 89. 
Claims 93 and 94 are directed toward instructions for using the claimed lef primer sequences and 
lef probe sequences. 

As indicated in the arguments above, independent claims 83, 85, 87, and 89 are not 
obvious over the cited references. According to MPEP §2143.03, if an independent claim is 
nonobvious under 35 USC §103, then any claim depending therefrom is nonobvious. 

(F) The 35 U.S.C. § 103(a) rejections over Ramisse et al., Bragg et al, Buck et al., and 
further in view of Wittwer et al. and Qi et al. 
Claims 91 and 92 

Claims 91 and 92 depend, either directly or indirectly, from claims 87 or 89. Claim 91 is 
directed toward a donor fluorescent moiety and a corresponding acceptor fluorescent moiety, and 
claim 92 is directed toward the claimed lef probe sequences labeled with such fluorescent 
moieties. 

Ramisse et al. is discussed above, and does not teach or suggest the probe sequences 
recited in independent claims 87 (SEQ ID NO:l 1) or 89 (SEQ ID NO:12). 



Applicant : Constance A. Bell et al. Attorney's Docket No.: 07039-372001 

Serial No. : 10/068,238 
Filed : February 5, 2002 
Page : 11 of 20 

Makino et al. is discussed above, and does not teach or suggest the probe sequences 
recited in independent claims 87 or 89. 

Buck et al. is discussed above. The arguments above are reiterated with respect to this 
rejection and these claims. 

Wittwer et al. is discussed above, and does not teach or suggest the probe sequences 
recited in independent claims 87 or 89. 

Qi et al. is discussed above, and does not teach or suggest the probe sequences recited in 
independent claims 87 or 89. 

The remarks above regarding the high sensitivity and specificity of the claimed sequences 
and regarding the melting temperature are reiterated herein with respect to the probe sequences 
recited in independent claims 87 and 89. 

The arguments regarding the Examiner's assertions with respect In re Deuel are reiterated 
with respect to this rejection and these claims. 

(G) The 35 U.S.C. § 103(a) rejections over Ramisse et al., Makino et al., Price et al., 
Bragg et al., and Buck et al. 
Claim 96 

Claim 96 is directed toward an article of manufacture that includes all four capB primers 
and probes (SEQ ID NOs:l-4), all four pagA primers and probes (SEQ ID NOs:5-8), and all four 
/e/primers and probes (SEQ ID NOs:9-12). 

Ramisse et al. is discussed above. Ramisse et al. does not teach or suggest any of the 
primer or probe sequences recited in claim 96. 

Makino et al is discussed above. Makino et al. does not teach or suggest any of the 
primer or probe sequences recited in claim 96. 

Price et al. is discussed above. Price et al. does not teach or suggest any of the primer or 
probe sequences recited in claim 96. 

Bragg et al. is discussed above. Bragg et al. does not teach or suggest any of the primer 
or probe sequences recited in claim 96. 

Buck et al. is discussed above. The arguments above are reiterated with respect to this 
rejection and these claims. 
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The remarks above regarding the high sensitivity and specificity of the claimed primer 
and probe sequences are reiterated herein with respect to the primer and probe sequences recited 



The arguments regarding the Examiner's assertions with respect In re Deuel are reiterated 
with respect to this rejection and this claim. 

Conclusions 

Each pending independent claim recites a pair of primers and/or a pair of probes. Each 
independent claim recites the particular sequence of at least one primer or probe. These claimed 
sequences are not obvious over the known sequences in view of Buck et al. Therefore, the 
independent claims and those depending therefrom are not obvious over the cited references. 

A check in the amount of $2,660 is enclosed ($500 for filing the Appeal Brief and $2,160 
for the Extension of Time). Please apply any other charges or credits to Deposit Account 
No. 06-1050. 



Fish & Richardson P.C., P.A. 
60 South Sixth Street 
Suite 3300 

Minneapolis, MN 55402 
Telephone: (612) 335-5070 
Facsimile: (612)288-9696 
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in claim 96. 



Respectfully submitted, 




M. Angela Parens, Ph.D. 
Reg. No. 44,282 
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JUL I V 



(VIII) Claims Appendix 

1-57. (Canceled) 

57. (Previously presented) An article of manufacture, comprising: 

a pair of capB primers, wherein said pair of capB primers comprises a first capB 
primer and a second capB primer, wherein said first capB primer comprises the sequence 5'- 
CCC AAT TCG AGT AAA CAT A-3 ' (SEQ ID NO : 1 ). 

58. (Previously presented) The article of manufacture of claim 57, wherein said second 
capB primer comprises the sequence 5'-ACT GCC ATA CAT TCA CAA-3' (SEQ ID NO:2). 

59. (Previously presented) An article of manufacture, comprising: 

a pair of capB primers, wherein said pair oicapB primers comprises a first capB 
primer and a second capB primer, wherein said second capB primer comprises the sequence 5'- 
ACT GCC ATA CAT TCA CAA-3' (SEQ ID NO:2). 

60. (Previously presented) The article of manufacture of claim 59, wherein said first 
capB primer comprises the sequence 5'-CCC AAT TCG AGT AAA CAT A-3' (SEQ ID NO: 1). 

61. (Previously presented) An article of manufacture, comprising 

a pair of capB probes, wherein said pair of capB probes comprises a first capB 
probe and a second capB probe, wherein said first capB probe comprises the sequence 5'-CGA 
TTAAGC GCC GTAAAG AAG GTC CTAATATC-3' (SEQ ID NO:3). 

62. (Previously presented) The article of manufacture of claim 61, wherein said second 
capB probe comprises the sequence 5'-GTG AGC AAC GCA GGG TAG TTA AAG AGG CTG- 
3' (SEQ ID NO:4). 

63. (Previously presented) An article of manufacture, comprising 

a pair of capB probes, wherein said pair of capB probes comprises a first capB 
probe and a second capB probe, wherein said second capB probe comprises the sequence 5'- 
GTG AGC AAC GCA GGG TAG TTA AAG AGG CTG- 3' (SEQ ID NO:4). 

64. (Previously presented) The article of manufacture of claim 63, wherein said first 
capB probe comprises the sequence 5'-CGATTA AGC GCC GTAAAG AAG GTC CTA ATA 
TC-3'(SEQ IDNO:3). 

65. (Previously presented) The article of manufacture of claim 61 or 63, further 
comprising a donor fluorescent moiety and a corresponding acceptor fluorescent moiety. 
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66. (Previously presented) The article of manufacture of claim 65, wherein said pair of 
capB probes comprises a first capB probe labeled with said donor fluorescent moiety and a 
second capB probe labeled with said corresponding acceptor fluorescent moiety. 

67. (Previously presented) The article of manufacture of claim 57 or 59, further 
comprising a package label or package insert having instructions thereon for using said pair of 
capB primers to detect the presence or absence of B. anthracis in a biological sample. 

68. (Previously presented) The article of manufacture of claim 61 or 63, further 
comprising a package label or package insert having instructions thereon for using said pair of 
capB probes to detect the presence or absence of B. anthracis in a biological sample. 

69. (Previously presented) An article of manufacture comprising a pair of capB primers 
and a pair oicapB probes, wherein said pair of capB primers comprises a first capB primer and a 
second capB primer, wherein said pair of capB probes comprises a first capB probe and a second 
capB probe, wherein said first capB primer comprises the sequence 5' -CCC AAT TCG AGT 
AAA CAT A-3 5 (SEQ ID NO:l), wherein said second capB primer comprises the sequence 5'- 
ACT GCC ATA CAT TCA CAA-3' (SEQ ID NO:2), wherein said first capB probe comprises the 
sequence 5'-CGA TTAAGC GCC GTAAAG AAG GTC CTAATATC-3' (SEQ ID NO:3) 5 
wherein said second capB probe comprises the sequence 5'-GTG AGC AAC GCA GGG TAG 
TTA AAG AGG CTG-3' (SEQ ID NO:4). 

70. (Previously presented) An article of manufacture, comprising 

a pair of pagA primers, wherein said pair of pagA primers comprises a first pagA 
primer and a second pagA primer, wherein said first pagA primer comprises the sequence 5'- 
TAC AGG ACG GAT TGA TAA G-3 ' (SEQ ID NO:5). 

71 . (Previously presented) The article of manufacture of claim 70, wherein said second 
pagA primer comprises the sequence 5'-TTT CAG CCC AAG TTC TTT-3' (SEQ ID NO:6). 

72. (Previously presented) An article of manufacture, comprising 

a pair of pagA primers, wherein said pair of pagA primers comprises a first pagA 
primer and a second pagA primer, wherein said second pagA primer comprises the sequence 5'- 
TTT CAG CCC AAG TTC TTT-3 5 (SEQ ID NO:6). 

73. (Previously presented) The article of manufacture of claim 72, wherein said first 
pagA primer comprises the sequence 5'-TAC AGG ACG GAT TGA TAA G-3' (SEQ ID NO:5). 

74. (Previously presented) An article of manufacture, comprising 
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a pair of pagA probes, wherein said pair of pagA probes comprises a first pagA 
probe and a second pagA probe, wherein said first pagA probe comprises the sequence 5' -AGT 
ACA TGG AAA TGC AGA AGT G- 3 5 (SEQ ID NO:7). 

75. (Previously presented) The article of manufacture of claim 74, wherein said second 
pagA probe comprises the sequence 5'-ATG CGT CGT TCT TTG ATATTG GT- 3' (SEQ ID 
NO:8). 

76. (Previously presented) An article of manufacture, comprising 

a pair of pagA probes, wherein said pair of pagA probes comprises a first pagA 
probe and a second pagA probe, wherein said second pagA probe comprises the sequence 5'- 
AGT ACA TGG AAA TGC AGA AGT G- 3 ' (SEQ ID NO:7). 

77. (Previously presented) The article of manufacture of claim 76, wherein said first 
pagA probe comprises the sequence 5'-ATG CGT CGT TCT TTG ATA TTG GT- 3 ' (SEQ ID 
NO:8). 

78. (Previously presented) The article of manufacture of claim 74 or 76, further 
comprising a donor fluorescent moiety and a corresponding acceptor fluorescent moiety. 

79. (Previously presented) The article of manufacture of claim 78, wherein said pair of 
pagA probes comprises a first pagA probe labeled with said donor fluorescent moiety and a 
second pagA probe labeled with said corresponding acceptor fluorescent moiety. 

80. (Previously presented) The article of manufacture of claim 70 or 72, further 
comprising a package label or package insert having instructions thereon for using said pair of 
pagA primers to detect the presence or absence of B. anthracis in a biological sample. 

81. (Previously presented) The article of manufacture of claim 74 or 76, further 
comprising a package label or package insert having instructions thereon for using said pair of 
pagA probes to detect the presence or absence of B, anthracis in a biological sample. 

82. (Previously presented) An article of manufacture comprising a pair of pagA primers 
and a pair of pagA probes, wherein said pair of pagA primers comprises a first pagA primer and a 
second pagA primer, wherein said pair of pagA probes comprises a first pagA probe and a second 
pagA probe, wherein said first pagA primer comprises the sequence 5'-TAC AGG ACG GAT 
TGA TAA G-3' (SEQ ID NO: 5), wherein said second pagA primer comprises the sequence 5'- 
TTT CAG CCC AAG TTC TTT-3' (SEQ ID NO:6), wherein said first pagA probe comprises the 
sequence 5'-AGT ACA TGG AAA TGC AGA AGT G- 3' (SEQ ID NO:7), wherein said second 
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pagA probe comprises the sequence 5'-ATG CGT CGT TCT TTG ATA TTG GT- 3' (SEQ ID 
NO:8). 

83. (Previously presented) An article of manufacture, comprising 

a pair of lef primers, wherein said pair of lef primers comprises a first lef primer 
and a second lef primer, wherein said first lef primer comprises the sequence 5'-TTT TAC CGA 
TAT TAC TCT CC-3' (SEQ ID NO:9). 

84. (Previously presented) The article of manufacture of claim 83, wherein said second 
/e/primer comprises the sequence 5'-AAC CTAAAG GCT TCT GC-3' (SEQ ID NO:10). 

85. (Previously presented) An article of manufacture, comprising 

a pair of lef primers, wherein said pair of lef primers comprises a first lef primer 
and a second lef primer, wherein said second lef primer comprises the sequence 5'-AAC CTA 
AAG GCT TCT GC-3' (SEQ ID NO: 10). 

86. (Previously presented) The article of manufacture of claim 85, wherein said first lef 
primer comprises the sequence 5'-TTT TAC CGA TAT TAC TCT CC-3' (SEQ ID NO:9). 

87. (Previously presented) An article of manufacture, comprising 

a pair of lef probes, wherein said pair of lef probes comprises a first lef probe and 
a second lef probe, wherein said first lef probe comprises the sequence 5'-ATT AAG GAATGA 
TAG TGA GGG T- 3' (SEQ ID NO: 11). 

88. (Previously presented) The article of manufacture of claim 87, wherein said second 
te/probe comprises the sequence 5' -TAT AC A CGA ATT TGG ACATGC T- 3' (SEQ ID 

NO: 12). 

89. (Previously presented) An article of manufacture, comprising 

a pair of lef probes, wherein said pair of lef probes comprises a first lef probe and 
a second lef probe, wherein said second lef probe comprises the sequence 5' -TAT AC A CGA 
ATT TGG ACA TGC T- 3 ' (SEQ ID NO: 1 2). 

90. (Previously presented) The article of manufacture of claim 89, wherein said first lef 
probe comprises the sequence 5'-ATT AAG GAA TGA TAG TGA GGG T- 3' (SEQ ID NO: 1 1). 

91 . (Previously presented) The article of manufacture of claim 87or 89, further 
comprising a donor fluorescent moiety and a corresponding acceptor fluorescent moiety. 
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92. (Previously presented) The article of manufacture of claim 91 , wherein said pair of 
lef probes comprises a first lef probe labeled with said donor fluorescent moiety and a second lef 
probe labeled with said corresponding acceptor fluorescent moiety. 

93. (Previously presented) The article of manufacture of claim 83 or 85, further 
comprising a package label or package insert having instructions thereon for using said pair of lef 
primers to detect the presence or absence of B. anthracis in a biological sample. 

94. (Previously presented) The article of manufacture of claim 87 or 89, further 
comprising a package label or package insert having instructions thereon for using said pair of lef 
probes to detect the presence or absence of B. anthracis in a biological sample. 

95. (Previously presented) An article of manufacture comprising a pair of lef primers and 
a pair of lef probes, wherein said pair of lef primers comprises a first lef primer and a second lef 
primer, wherein said pair of lef probes comprises a first lef probe and a second lef probe, wherein 
said first te/primer comprises the sequence 5'-TTT TAC CGA TAT TAC TCT CC-3' (SEQ ID 
NO:9), wherein said second lef primer comprises the sequence 5'-AAC CTA AAG GCT TCT 
GC-3' (SEQ ID NO: 10), wherein said first /e/probe comprises the sequence 5'-ATT AAG GAA 
TGA TAG TGA GGG T- 3' (SEQ ID NO:l 1), wherein said second /e/probe comprises the 
sequence 5'-TAT ACA CGA ATT TGG ACA TGC T- 3' (SEQ ID NO: 12). 

96. (Previously presented) An article of manufacture comprising a pair of capB primers 
and a pair of capB probes, wherein said pair of capB primers comprises a first capB primer and a 
second capB primer, wherein said pair of capB probes comprises a first capB probe and a second 
capB probe, wherein said first capB primer comprises the sequence 5 5 -CCC AAT TCG AGT 
AAA CAT A-3' (SEQ ID NO:l), wherein said second capB primer comprises the sequence 5'- 
ACT GCC ATA CAT TCA CAA-3' (SEQ ID NO:2), wherein said first capB probe comprises 
the sequence 5'-CGA TTA AGC GCC GTA AAG AAG GTC CTA ATA TC-3' (SEQ ID NO:3), 
wherein said second capB probe comprises the sequence 5'-GTG AGC AAC GCA GGG TAG 
TTA AAG AGG CTG-3' (SEQ ID NO:4), said article of manufacture further comprising a pair 
of pagA primers and a pair of pagA probes, wherein said pair of pagA primers comprises a first 
pagA primer and a second pagA primer, wherein said pair oipagA probes comprises a first pagA 
probe and a second pagA probe, wherein said first pagA primer comprises the sequence 5 5 -TAC 
AGG ACG GAT TGA TAA G-3' (SEQ ID NO:5), wherein said second pagA primer comprises 
the sequence 5'-TTT CAG CCC AAG TTC TTT-3' (SEQ ID NO:6), wherein said first pagA 
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probe comprises the sequence 5'-AGT ACA TGG AAA TGC AGA AGT G- 3' (SEQ ID NO:7), 
wherein said second pagA probe comprises the sequence 5'-ATG CGT CGT TCT TTG ATA 
TTG GT- 3' (SEQ ID NO: 8), said article of manufacture further comprising a pair of lef primers 
and a pair of lef probes, wherein said pair of lef primers comprises a first lef primer and a second 
lef primer, wherein said pair of lef probes comprises a first lef probe and a second lef probe, 
wherein said first lef primer comprises the sequence 5'-TTT TAC CGA TAT TAC TCT CC-3' 
(SEQ ID NO: 9), wherein said second lef primer comprises the sequence 5 5 -AAC CTA AAG 
GCT TCT GC-3' (SEQ ID NO:10), wherein said first /e/probe comprises the sequence 5'-ATT 
AAG GAA TGA TAG TGA GGG T- 3' (SEQ ID NO: 1 1), wherein said second /e/probe 
comprises the sequence 5'-TAT ACA CGA ATT TGG ACA TGC T- 3' (SEQ ID NO:12). 
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Abstract 

Bacillus anthracis can be identined on ihc basis of the? detection or virulence factor genes located on two plasmids, pXOl and 
p X02_ Thus isolates lacking both pXOl and pX02 arc ^distinguishable from closely related R ctrcus group bacteria. We 
devdoped a multiplex PCR assay for characterization of A anthracis isolates, and simultaneous confirmation of the species 
kfeniSiv independent or plasmid content. The assay amplifies /e/, cya.pag (pXOl) and cap (pX02) genes, and a A anthracis 
specie chromosomal marker, giving an easy-lc-read proBJe. This system unambiguously identified virulent (pX01+/T) and 
•virulent (pXOr/2". pX01-/2+ and pX01 _ /2~) strains or A anthracis and distinguished 'anthrax-like' strains from other B. 
ccrcus group bacteria. 

Keywords: BaciDaowe; BacWtx anthracis; Bacillus ctreus\ Bacillus anthracis generics; AntW epidemiology; Bacterial identification; Diag- 
nosis; Polymerase chain reaction 



1. Introduction 

Bacillus anthracis is a human pathogenic bacillus, 
h can cause anthrax, a serious and often fatal infec- 
tion in both livestock and humans. Animals become 
infected after coming into contact with soil-borne 
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spores when grazing- Humans become infected only 
incidentally when brought into contact with diseased 
animals or their waste products. Other Bacillus spe- 
cies are saprophytic and axe found in soil, vegeta- 
tion, air and water and some species such a$ B. ce- 
reus are responsible for benign food poisoning [1). 

The current laboratory diagnosis for B. anthracis 
is the microbiological analysis of morphological and 
physiological characteristics. The main characteristic 
used to distinguish B. anthracis from closely related 
soil-borne Bacillus is the presence of two virulence 
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plasmids pXOI (185 kb) and pX02 (95 kb). Viru- 
lence factor genes lef, cya, pag (pXOI) [2-4] or cap 
(pX02) [5] have been used as markers to detect A. 
anthracis in the environment using the polymerase 
chain reaction (PCR) [6-8). 

pXOI and pX02«cured strains have arisen spon- 
taneously from fully virulent precursors [9]_ These 
[ avirulent strains cannot be distinguished from other 
B. cercus group bacteria by plasmid analysis. Other 
conventional methods including gamma phage sensi- 
tivity test or carbohydrate profile have to be used. 
D^'A homology studies [10] have shown that A an- 
thruris is very closely related to A cereus, A thurin- 
giensis and A mycoides. The taxonomy of this group 
is controversial because of the many similarities be* 
i ween the nucleotide sequences of 16S rRNA and 
23S rRNA genes, and 16S to 23S intergenic spacer 
region in the various isolates [11-1 3]. Nevertheless, 
genetic variability among A. anthracis and other A 
cvrrus group bacteria has been reported [14-17). As 
an example, the variable region with repetitive se- 
quences (vrrA) diverged only slightly between strains 
of anthrax but is substantially different in A cereus 
and A mycoides [16). More recently, a DNA se- 
quence (Ba813) isolated from A anthracis was de- 
scribed as a specific chromosomal marker for this 
species [17)_ Ba813 is a 277 bp long DNA sequence 
unci is present in a single copy in the chromosome of 
B. anthracis. Nucleotide sequence and deduced ami- 
no arid sequence' comparisons with previously de- 
scribed sequences revealed no homology [17], thus 



providing a simple way to differentiate A anthracis 
from the A cereus group. 

The increasingly frequent isolation of avirulent A. 
anthracis from humans and animals [9,18] is creating 
a need for a rapid identification system. The purpose 
of this study was to develop a PCR-based identifica- 
tion system for A anthracis with the following char- 
acteristics: (i) screening for the presence of pXQl 
and pX02, (ii) identifying all known virulence fao* 
tors (/*/ cya, pag and cap) (iii) differentiating A 
anthracis from other A. cereus group bacteria. We 
report a multiplex PCR assay that should be conve- 
nient for most clinical and veterinary laboratories 
and reliable for plasmid content comparisons be- 
tween strains. 



2* Materials and methods 

2. 1. Bacterial strains and culture conditions 

Bacterial strains used in this study are listed in 
Table 1. A. anthracis isolates were obtained from 
various collections in France. Bacilli were cultured 
as previously described [17]. Other strains were cul- 
tured in soy-trypticase broth (BioMerieux). 

2.2. DNA preparation 

Genomic DNA from A. anthracis bacteria was iso- 
lated from pure cultures by standard procedures [17]. 
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Centre! DNAs we« wiractod from the various sp* 
des Bsicd in T^Mc 1 [1 71. Genomic DNA from Yer* 
smia pestis (a strain bearing pFra, pYV an* pP» 
: pla^nMs) *bs kind* provided by Dr. HisabrfB Car- ' 
nid (Insiiwt Pasteur, Paris). 

ZJ- Oligonucleotides 

Oligonucleotides Rl and R2 were synthsised pre- 
viously to amplify by PCR a 152 bp fragment from 
the sequence Ba813, at 59"C 117). TVo primer pain 
were designed from lef. cya, pag, and cap sequences 
P-5] by computer analysis using the Oligo** primer 
analysis software (MedProb* Oslo, Norway). The 
sequences for these primers were designed lo amplify 
all virulence factor genes and the Ba8l3 marker 
using the following guidelines: (i) the annealing tem- 
perature should be close lo 5yC; (ti) the length of 
amplification products should be between 1 kbp and 
200 bp CTable 2). 
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2.4, DNA amplification procedure 



Each 25 pi reaction mixture co ntaine d 200 pM of 
each dATP, dCTP, dGTP and dTTP, 0.5 *iM of 
primers, 10 mM Tris-HO pH 8.3, IS mM MgC12, 
50 mM KCX 13% (w/v) sucrose, 40 rog ml- 1 creso) 
red, 1 U of Tof-ONA polymerase (Boehringer) and 
100 ng of DNA. Amplifications were carried out in * 
GeneAmp® PCR system 9600 (Perkin Elmer). The 
initial denaiuration at 94°C for 5 min was followed 
by 30 cycles of denaturatkm at 94 b C foflO s, anneaV 
ing at 58*C for 30 s. and extension at 72°C for 30 s. 
The reaction mixtures (10 jil) were directly loaded 
onto 2% (wAv) agarose (Sea-Kern GTG, FMC Bio- 
products) gel and DNA fragments separated at 1D0 
V for 1 h before staining with ethidium bromide. 

2.5. Hybridization techniques 

PCR products were purified using the Sepha- 
glass band prep kit (Pharmacia) and labelled wiih 
[a-^PJdCTP (1CN) and the random priming label- 
ling kit (Boehringer). Dot-blot hybridization was at | 
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Table 2 

Scauaa and position of ihe primers used m Ihe polymerase chain reaction 



Lod Positions- r, CQ» r„ CCf Length (bp) 



1925-1944 
2652-2671 
2006-2027 
2135-21S6 
1255-1274 
2I6A-2183 
1459-1478 
1990-2004 
949- 970 
1921-1941 
1238-1258 
1599-1622 
1230*1249 
20*3-2102 
1603-1622 
1B47-1866 
227- 249 
98- 120 

■positions sue eWcai according to pubbshed sequence 

'Primer r„ was calculated by the neatest-neighbor method [19]. 

'OpUmbcd annealing tenrp*r»rure. 



67 
68 
23 
24 
65 
66 
25 
26 
59 
60 
3 . 
4 
17 
20 
57 
58 
Rl 
K2 



Pag 
pas 

eya 



(B, C A) j 
Ba813 



63 


64 


747 


63 






59 


58 


151 


57 






58 


60 


929 


58 






58 


59 


546 


61 






54 


60 


993 


62 






54 


54 


385 


57 






54 


57 


873 


63 






58 


57 


264 


56 






59 
60 


58 


152 



Sequence (5' 3') 

CAGAATCAACTTCXCaOOOC 

tcgcataagctgocacaagg 

ctacaggggatitatctattcc 

attgttaca tgattatc agcog 

CAOCATGCU 1 1 1 IC1 1 TAGC 

cccttagttgaatccggttt 

ggtttactaccagaacatgc 

cgccttcaagacccc 

ggatatgaacccgtacttctaa 

taaatccgcacctagggttgc 

cttttccatattatatcgagc 

OAATCACGAATATCAAl 1 lOfAGC 

GAAATaGTTATTGCGATTGG 

C5GTCCTACTGCTTCTGTACG 

ac i co 1 1 1 11 aa tcagc ccg 
gotaacccttgtctttgaat 
ttaattcacttocaac toatg gg 
aacgatagctcctacatttggag 



Reference 
This sludy 



This study 
This study 
This study 
"Rife study 
Thi* study 
Tbi» study 
This swdy 
M71 



6 

C 



3 

3 



[ 
# 
I 
I 
t 

I 
r 
i 

c 
V 
I 



V. Mama* ef all F EMS Mtctvbhbgy Utters I4S (1996) 9-16 



13 



lined 200 pM of 
TP. 03 |iM of 
IJmMMgO; 
mg ml" 1 crcsoi 
Boehringer) aod 
carried om in i 
do Elmer). Tt* 
m was followed 
for 30 s, anneal 
t 72°Cfor30s 
dimly loaded 
TG 9 FMC Bio> 
sparated at 100 
om bromide. 



tig the Sepha- 
i labelled with 
priming label- 
lization was at 



TT P *> f* tt PPniTff tf tT » tt 5T 

. mm m % mm a » 3 « a » ».* » » . 



Reference 



This study 
Tins study 
This study 
This study 
This study 
This study 
This study 
This study 
[171 




Ffe. 1. Simultaneous PCR-fcaaed amplification of capsule (eap\ 
edema factor {cya\ lethal factor {(ef) and protective antigen Cm) 
penrs Tram 100 Dg of DNA rrom the virulent strain of Bacillus 
smith-, . /t CEB779- Primers combinations arc indicated on the 
lop: forward primer only shn«n. MW; S«/3A and 7b*l digested 
P UCI9 DNA sire markers: )444. 955. 735. 554, 476, 341, 258 
and 14] bp. 



65T and membranes were washed at low stringency 
(2Sit\ 65°C) before exposure. 



3. Results and discussion 

3.7. Specificity of oligonucleotide primers 

Wc attempted lo amplify the targeted fragments 
from )00 ng samples of DNA isolated from Sterne 
7700, Sterne 7702 and ATCC4229 strains of A an- 
thracis. Fragments of the expected size were success- 
fully amplified from DNA of all appropriate strains 
of A anthracis (daia not shown). The annealing tem- 
perature was optimized for each primer pair and the 
results are given in Table 2. The specificity of oligo- 
nucleotide primers was checked by PCR with 100 ng 
of UNA from other Bacillus species and strains be- 
longing to other genera (Table 1). No amplified 
products were generated from these control DNAs 



with one exception: small amounts of products of 
incorrect size were amplified from Y. pestis (a major 
product of 700 bp and .four minor products of be- 
tween 200 bp and 3 kbp) and from Yi entetocoHtica 
(a major product of 950 bp and four minor products 
of between 500 bp and 1-5 kbp) with primers 25-26 
(data not shown). The 546 bp pag fragment ampli- 
fied from JBL anthracis and the above non-specific 
major fragments were labeled -and tested for hybridi- 
zation with genomic DNA (1 fig) from R anthracis y 
Y. pestis and Y- enterocotitica- Therefore, the nucleo- 
tide sequences of these PCR products are non-ho- 
mologous. Each probe only hybridized with the 
DNA from which it was amplified (data not shown). 
We hypothesize that the DNA of Y. pestis carries 
sequences of partial homology allowing hybridiza- 
tion of primers 25 and/or 26. 

5.2. Multiplex PCR assays 

In preliminary experiments using mixtures of prim- 
er pairs neither the number nor the size of DNA 
fragments was modified (unpublished data). We 
tested whether simultaneous amplification of tef, 
cya, pag and cap was feasible. Primer sets from Table 
2 were pooled so that all of the four targeted genes 
would be amplified once per assay (16 combinations 
tested consisting of 8 sets). DNA fragments with the 
expected size were successfully amplified using nearly 
all combinations (Fig. 1)* However, a minor ampli- 
fied product of about 500 bp is present in all experi- 
ments involving the primer pair 3/4. To this point we 
noted that: (i) single amplification using only the 
primer pair 3/4 did not generate this fragment, and 
neither did single amptiBcations using primer 3 or 4 
separately; (ii) the .amplification of the 385 bp DNA 
fragment (3/4) is significantly hampered m multiplex 
conditions compared to single condition (data not 
shown). From that, we hypothesize that an illegiti- 
mate primer pair, involving primer 3 or 4 and an- 
other one present in the mixture, may occur in multi- 
plex conditions, thus allowing a slight amplification 
of the 500 bp fragment from the genome of A an- 
thracis. The combination of primer pairs 67-68, 25- 
26, 3-4 and 57-58 primer pairs Was the most reliable 
one in terms of amplification efficiency and gave eas- 
ily recognizable patterns, thus making DNA frag- 
ment profiles easy to interpret for plasmid composi- 
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tion. Single PCR, targeting virulence factor genes 
one by one* has been used to characterize A anthra- 
cis isolates [9]. Our system, by targeting several viru- 
lence factor genes together in the same reaction mix- 
ture, makes plasmid content analysis or pure cultures 
of A anthracis much srmpler. 

TKs multiplex PCR assay was not suitable for 
general identification of A anthracis because a strain 
lacking both pXOl and pX02 would not be identi- 
fied. Thus, a multiplex PCR using 67-68, 25-26, 3^4, 
57-58 (plasmid markers) and R1-R2 primers (chro- 
mosomal marker) was tested under the same condi- 
tions. Amplification of pXOl and pX02 associated 
virulence factors was still efficient despite the pres- 
ence of a fifth primer set. The 152 bp DNA frag- 
ment from the Ba813 sequence was also efficiently 
amplified. The specificity of the PCR assay using 
these five primer pairs was tested against 31 A an- 
thracis isolates and 12 Bacillus strains from 1 1 other 
species (Fig. 2). The 152-bp DNA fragment was suc- 
cessfully amplified from each of the 31 strains of A 
anthracis tested but not from other Bacillus species, 
thus confirming species identity. No extra PCR 



products were generated from closely related mem- 
bers of the A cereus group (Fig. 2). Six well known 
avirulent strains and 25 isolates of A anthracis wcie 
then successfully screened for plasmid content. Ea A 
possible type of B- anthracis was correctly identified 

(pXor/2 + , P xoi + /2-, P xor/2 + , P xor/2-> 

Three isolates of A anthracis were characterized as 
pX01+/2~ (CEB 957, 575 and 69), one as pX01~/r 
(CEB 554). The others were characterized as fully 
virulent (pXO! + /2 + ). Specialized laboratories in- 
volved in anthrax control and research use elaborate 
techniques for confirming strain identity: toxin anti- 
gen detection [9], detection of pXOl and pX02 viru- 
lence factor genes by hybridization with DNA and 
oligonucleotide probes [7,9,201 or by PCR [8.9]. No 
single existing method is able to screen for plasmicV 
associated virulence factor genes and simultaneously 
to differentiate A anthracis (whether or not contain* 
ing plasmids) from other Bacillus species. Our multi- 
plex PCR assay may meet these requirements and is 
rapid: less than 3 h after picking an isolated colony 
from an agar plate. 

In summary, the method described here is the first 
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4 t z t i t J i Lwunple ofa rapid procedure enabling idcniification 
and gefiotyping of JL anthracis? smd simultaneous 
diffcrcnuation from onbex A eeraa group bacteria. 
Identification . of; A anthracis, mctependeat of Ac 
pUismid content is practicable using the chrorooso- 
m:il t):iS13 sequence reported by P&tra « aL [17J and 
the outstanding characterization of the whole marker 
on the both sides of Ba813 sequence will provide 
more detailed information* & anihracis isolates that 
cany neither pXOl nor pX02 are dearly distin- 
guished from other Bacillus species thus enabling 
plasmid-free isolates and vaccine seed cultures of R 
anthracis to be followed. Our method also reduces 
the : Jentification time from the standard 3-6 days to 
rr-^io!? 3bp J* d ^ Jr 3 less ilk* 2 days; This powerful methodology will 
Stiffl contribute to reducing the risk of a laboratory- 
2 (lane 13X b. sphnrtf acquired infection and should be of great help as a 
C11859 (hne 17), a rem routine test for confirmation of JL anthracis in din- 
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Molecular Characterization and Protein Analysis of the cap Region, 
Which Is Essential for Encapsulation in Bacillus anthracis 
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By using genetic complementation tests with various in vitro-constructed mutants with mutations in the cap 
region (which is essential for encapsulation in Bacillus anthracis), we identified three cistrons, capB, capC, and 
capA, in this order of arrangement. MiniceU analysis revealed that these cistrons produce proteins of 44, 16, 
and 46 kilodaltons, respectively. The complete nucleotide sequence of 3,244 base pairs covering the whole cap 
region was determined and revealed the existence of the three open reading frames of capB (397 amino acid 
residues- molecular weight, 44,872), capC (149 amino acid residues; molecular weight, 16,522), and capA (411 
amino acid residues; molecular weight, 46,420) arranged in the order predicted by complementation tests. 
These three cistrons were all transcribed in the same direction from promoters unique to each cistron. Judging 
from the predicted amino acid sequence of the three proteins and from their localization and their sensitivity 
to various physicochemical treatments, they appeared to be membrane-associated enzymes mediating the 
polymerization of D-glutamic acid via the membrane. Capsular peptides immunologically identical to that of B. 
anthracis were found in B. subtilis, B. megalerium, and B. licheniformis, but no sequence homologous to the cap 
region was found in any of these bacilli other than B. anthracis. Using strains of B. anthracis with or without 
insertional inactivation of the cap region, we found that the capsule of B. anthracis conferred strong resistance 
to phagocytosis upon the bacterial host. 



Bacillus anthracis is the causative agent of anthrax. This is 
primarily a disease of domestic and wild animals, but in 
humans exposed to diseased animals the infection manifests 
as a skin infection or rarely a pulmonary infection or 
septicemia. Two major virulence factors of B. anthracis, a 
capsule and a tripartite toxin consisting of protective anti- 
gen, edema factor, and lethal factor, are known (2, 36, 37, 
43). The former is encoded by the 60-megadalton (MDa) 
plasmid (9, 46), and the latter is encoded by the 110-MDa 
plasmid (27). 

The role of the capsule as a virulence factor has been 
investigated rather extensively for some bacterial species; 
these systems include the Kl antigen of Escherichia co//(6), 
the capsule of Neisseria meningtidis (21), and the capsule of 
Franciscella tulafensis (30). In these bacteria the capsule 
confers serum resistance or resistance to phagocytosis. A 
similar biological role of the capsule is generally assumed in 
B. anthracis, but no reliable evidence has yet been reported. 
The capsule of B. anthracis is unique in that it is composed 
of a homopolypeptide of D-glutamic acid (11). Other bacilli, 
such as B. subtilis (4), B. megaterium (10), B. licheniformis 
(44), Sporosarcina halophilia (18), and Planococcus halo- 
philus (18), also have a capsule consisting of a homopoly- 
peptide of d- or L-glutamic acid. The immunological and 
genetic relatedness among these polyglutamate capsules has 
not been determined. D-Glutamyl transpeptidase in B. sub- 
tilis (natto) (12) and membrane -associated glutamylpolypep- 
tide synthetase in B. licheniformis (44) have been reported to 
play a part in the synthesis of these polyglutamate capsules. 
However, thus far, nothing is known about the synthetic 
pathway of capsule formation in B. anthracis. 

We have made a restriction enzyme cleavage map of 
pTE702, a 60-MDa plasmid essential for the encapsulation in 
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B. anthracis (45), cloned the genetic determinants required 
for encapsulation (cap region) in £. coli, and transformed the 
cloned cap region back into B. anthracis cured of the 110- 
and 60-MDa plasmids to examine the expression in the 
original host bacteria (23, 24). B. anthracis and E. coli but 
not B. subtilis were found to express an immunologically 
identical capsular peptide on the bacterial surface upon 
introduction of the cloned cap region. 

In the present study the cap region was further character- 
ized by cistron analysis, nucleotide sequence determination, 
minicell product analysis, promoter search, and localization 
of the products under various experimental conditions. 
These studies have identified three cistrons, capB, capC t 
and cap A, in this order of arrangement and with a promoter ] 
unique to each cistron. Although the capsules of B. anthracis ' 
and other bacilli were found to be immunologically identical, ; 
no genetic homology with the cap region was detected in . 
bacilli other than B. anthracis, ^ 

MATERIALS AND METHODS 

Bacterial strains and vector plasmids used. Bacterial strains 
and representative plasmids are listed in Table 1. pCAPl, 
pCAP2, and pTPCAPl were used as parental plasmids 
containing the intact cap region (24). 

Construction of plasmids. Deletions 5-5, 5-6, 5-9, 5-3, and 
5-10 were constructed by BAL31 treatment of fl^/II-digested 
pCAP2 and Sail linker insertion. Deletions 2-3, 2-22, 2-46, 
and 2-33 were constructed by BAL31 treatment of Sad- 
digested pCAPl and Bglll linker insertion. A Bglll fragment 
of deletion 2-22 was inserted in the BamHl site of 
pMYSH6003 to obtain pTPCAPl. 

To construct the pCAP and pTPCAP series of plasmid 
mutants, we used the following three methods: (i) filling in of 
HMllh Xbal, BamHl, and BstEll sites with the Klenow 
fragment; (ii) insertion of a Bglll linker into each of the 
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TABLE 1. Bacterial strains and representative plasmids used 



Strain or plasmid 



Relevant characteristic* 



Reference or 
source 



E. coli 

MC1061 

C600 recA 

CC118 

M2124 
B. anthracis 

TE702 

TE703 

TE7021 

Shikan 
B. subtilis NIAH801 
B. megaterium NIAH368 
B. ticheniformis NIAH227 

Plasmids 
pHY300PLK 
pMY6O03 
pBR322 
pCAPl 
pCAP2 
pTPCAPl 



hsr lac leu 

recA 

phoA 

Minicell-producing cell 
Spo" Cap* Tox" 

As TE702 but cured of the Cap plasmid 

As TE703 but containing pTE7021 

Virulent strain 

Cap* 

Cap* 

Cap* 

Ap r Tc r pACYC177 derivative 
Ap f Tp r pBR322 derivative 
Ap r Tp' 

cap region cloned into pHY300PLK 
Self-cloning of pCAPl with BgtU 
cap region cloned into pMY6003 



This laboratory 

26 

39 

24 
24 
24 
45 

Product natto 
Human stool 
Human stool 



14 

22 
3 

24 
24 

This study 



•Abbreviations: Spo". asporogenous; Cap 4 
resistance; Tp f , trimethoprim resistance. 



, encapsulated; Cap', noncncapsulated; Tox*, non-toxigenic; Ap r , ampicillin resistance; Tc f , tetracycline 



Hindi, Pvull, and Aatl sites; and (iii) deletion of four 
nucleotides from the Pstl si'e by using the Klenow fragment. 

pCAPA and pCAPB were constructed by partial digestion 
of pCAP2 and pCAPl with Pstl, respectively. pCAPC was 
constructed by inserting the BamHVBgUl fragment of dele- 
tion 2-33 into the BamHl site of pHY300PLK. 

Minicell analysis. Minicells were isolated and labeled with 
[ 35 S]methionine (Amersham Corp., Amersham, United 
Kingdom) by the method of Thompson and Achtman (39). 
For fractionation of the protein products, sodium dodecyl 
sulfate-12.5% polyacrylamide gels were used. 

Nucleotide sequencing. The dideoxynucleotide procedure 
of Sanger et al. was used for nucleotide sequencing (31). 
Single-stranded pUC118 DNA was purified and used for 
sequencing by the Kilo-sequence deletion kit and 7-DEAZA 
sequencing kit (Takara Shuzo, Co., Kyoto, Japan). 

Cell fractionation and trypsin treatment. Labeled minicells 
were treated with lysozyme (15) at 4°C, and spheroplast and 
periplasmic preparations were isolated by microcentrifuga- 
tion at 15,000 x g for 30 min at 4°C. The spheroplast 
preparation was sonically disrupted in the presence of phen- 
ylmethylsulfonyl fluoride. Then, membrane and cytoplasmic 
fractions were isolated by centrifugation at 70,000 rpm for 45 
min in a TLA-100.2 rotor (Beckman Instruments, Inc., 
Fullerton, Calif.). For trypsin digestion experiments for 
topological mapping (34), spheroplasts were lysed by soni- 
cation after freezing and thawing. Intact and lysed sphero- 
plasts were reacted with trypsin in 3 mM EDTA buffer (pH 
7.5) at 37°C for 30 min. The reaction was terminated by 
addition of an excess amount of soybean trypsin inhibitor 
(Sigma Chemical Co., St. Louis, Mo.), and proteins were 
precipitated with 5% trichloroacetic acid. Portions were 
analyzed on sodium dodecyl sulfate-12.5% polyacrylamide 
gels. 

Dot hybridization. Total DNAs from B. anthracis, B. 
megaterium, B. subtilis, and B. licheniformis were prepared 
by the method of Johnson (16), except that the lysozyme 
concentration was 10 mg/ml and the treatment was carried 
out for 90 min at 37°C for B. anthracis and 30 min for other 



strains. To label the probes with ["P]dCTP (Amersham 
Corp.), we used a random-priming labeling kit (Boehringer 
Mannheim Biochemicals, Indianapolis, Ind.). Total DNAs 
were transferred to nitrocellulose filters by the method of 
Maniatis et al. (25). Hybridization was carried out in the 
presence of 50% formamide at 42°C. 

InphoA insertion experiments. TnphoA (26) was trans- 
posed to a suicide plasmid, pCHR81 (32), to construct 
pCHR71::Tnp/ioA. pCHR71::Tnp/ioA was conjugally intro- 
duced into £. coli MC1061 containing pCAPl at 30°C. A Km' 
Tp r transconjugant was spread on an agar plate to yield 
about 500 separate colonies at 30°C. Each of these isolates 
was grown at 30°C in L broth containing ampicillin (50 
u.g/ml) and kanamycin (50 p.g/ml), spread on an agar plate 
containing kanamycin (400 jig/ml), and then grown at 42°C. 
Cells on the plate were collected, and plasmid DNA was 
isolated and used to transform £. coli CC118. Transformants 
were selected on an agar plate supplemented with 5-bromc- 
4-chloro-3-indolyl phosphate (XP; 40 fig/ml) (Sigma) and 
kanamycin (50 u.g/ml) at 37°C. Blue and light-blue colonies 
were selected and analyzed. 

Phagocytosis experiments. Phagocytosis experiments were 
performed mainly by the method described by Beachey et al. 
(1). Fresh human blood was heparinized, and erythrocytes 
were removed by sedimentation in 2% (wt/vol) dextran at 
37°C for 40 min. Buffy-coat leukocytes were recovered by 
centrifugation (400 x g for 10 min) and suspended at 56°C for 
30 min in RPMI 1640 medium containing 10% heat-inacti- 
vated fetal calf serum. Then, 20 u.1 of bacterial cells was 
mixed with 200 \i\ of leukocytes, and the mixture was 
incubated for 30 min at 37°C with gentle shaking. Smears 
were examined microscopically. 

Other procedures. Media, reagents, isolation of plasmid 
DNA, and transformation were as described previously (24). 

RESULTS 

Genetic and molecular identification of the cap region on the 
Cap plasmid. An approximately 6.2-kilobase fragment of the 
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FIG. 1. Physical and genetic map of the cap region. In the pCAP 
and pTPCAP series, pHY300PLK and pMY6003. respectively, were 
used as vector plasmids. A multictoning site of pHY300PLK is 
shown at both termini of pCAPl and pCAP2. Cap* indicates the 
ability to produce the capsule; positive and negative reactions are 
judged by reactions with anti-Cap serum, respectively (24). Sym- 
bols: 4-bp insertion; V, BgM linker insertion; 4-bp deletion; 
A, deletion or frameshift mutation; — — , regions present on these 
plasmids (interruption in each line indicates the deletion); A, B, C, 
capA, capB, and capC; H, HindllU Bg, Bglll\ X, XbaU B. BomHI; 
He, IflncII; Pv, Pvull; P, Pstl; Bs, BstElU A. Aat\\ S. Sad; Sm, 
SmaU E, £coRi. 



cap region of the Cap plasmid, pTE702, which is required for 
encapsulation in B. anthracis TE702, had been cloned in E. 
coli and shown to phenotypically express a capsule sub- 
stance immunologically identical to that of wild-type B. 
anthracis TE702 (24). To identify and localize the minimum 
essential region more precisely, various deletion mutants 
were made by exonucleolytic cleavage with BAL 31 and 
frameshift mutants were made by in vitro site-specific mu- 
tagenesis at the specific restriction sites (Fig. 1). It was 
identified as an approximately 3.0-kilobase-pair region on 
pCAPl (Fig. 1). To analyze the genetic organization of the 
minimum essential region thus identified, we performed 



cistron analysis in E. coli C600 (recA) by complementation 
between the mutants obtained above. These mutants consist 
of pCAP series and pTPCAP series mutually compatible 
with one another. The former were mutants of pCAPl 
cloned into pHY300PLK, and the latter were derivatives of 
pTPCAPI cloned into pMY6003. The complementation tests 
scored by the immunological reaction to anti-Cap serum 
resulted in at least three cistrons, which were designated 
according to the order of arrangement as capB, capC, and 
capA (the order A, B, and C is based on the molecular 
weight of the products in minicells and also on the sizes of 
the open reading frames) (Table 2). To identify the region 
coding for the three cistrons. pCAPA, pCAPB, and pCAPC 
(Fig. 1) were constructed by using the vector pHY300PLK 
and examined for their ability to restore the Cap* phenotype 
when coexisting with one of the mutants of the pTPCAP 
series. The results agreed with those of the complementation 
tests and showed that pCAPA, pCAPB, and pCAPC contain 
capA t capB, and capC, respectively (Table 2). This docs not 
necessarily show that each of the cistrons has its own 
promoter, because it has been suggested that a promoter 
activity exists in both directions at the multicloning sites of 
the vector pHY300PLK. 

Identification in minicells of proteins encoded by the Cap 
region. The products encoded by the cap region were 
analyzed in the E. coli minicell system (Fig. 2). Four major 
proteins, CapA (ca. 46 kDa), CapB (ca. 44 kDa), CapB' (ca. 
20 kDa), and CapC (ca. 16 kDa), were produced by the intact 
cap region of pTPCAPI (Fig. 2 A, lane 1). The site-specific 
mutagenesis of the cap region at the Hindlll site abolished 
the production of CapB (Fig. 2A, lane 2). Mutation at the 
Xbal, BamHl, Hindi, or Pvull site resulted in the loss of 
CapB and CapB' (Fig. 2A, lanes 3 to 6). Mutation at the Pstl 
or BstEll site inactivated the coding capacity of CapC (Fig. 
2A, lanes 7 and 8). Finally, mutation at fhe Aatl site 
abolished the production of CapA (Fig. 2A, lane 9). Among 
BAL 31 deletion mutants from the right of pCAP2 with 
respect to the direction shown in Fig. 1, deletion 2-22 
produced the whole intact protein products, whereas dele- 
tion 2-46 failed to produce CapA (Fig. 2B, lanes 1 and 2). 
Similarly, deletion 5-9 was intact with respect to the four 
protein products, but deletions 5-3 and 5-10 did not produce 
CapB (Fig. 2B, lanes 3 to 5). pCAPA, pCAPB, and pCAPC 
were found to encode CapA, CapB plus CapB', and CapC, 
respectively (Fig. 2C lanes 3 to 5). All these results are 
consistent with the conclusion that cistrons cap A, capB, and 



TABLE 2. Complementation and rescue tests 
pTPCAP series" 



pCAP series capB capC capA 





▼Wi/idlll 


VXbal 


WBamHl 




VPvuU 


DPstl 




VAflfl 


TSamHI 


VHindlll 












+ 


+ 


+ 


+ 


VXbal 












+ 


+ 


+ 


+ 


OPstl 


+ 


+ 


+ 


+ 


+ 






+ 


+ 


VAatl 


+ 


+ 


+ 


+ 


+ 


+ 


+ 






A2-46 




NT 


NT 


NT 


NT 


+ 


NT 






A2-33 


+ 


NT 


NT 


NT 


NT 


+ 


NT 






A5-10 












+ 


NT 


+ 


NT 


pCAPA 
















+ 


+ 


pCAPB 


+ 


+ 


+ 


+ 


+ 










pCAPC 












+ 


+ 







a Symbols: +. Cap*; -, Cap"; NT, not tested. The symbols just before the name of each restriction enzyme represent the nature of in vitro-constructed 
mutants (Fig. 1). 
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MX: 

FIG. 2. Protein analysis by miniccll methods. (A) Unes: 1, pTPCAPl; 2. V///ndIII; 3, V*6al; 4, VBamHI; 5, VfJincII; 6, VPvwII; 7, 
□ft/I; 8, VfljfEII; 9, VAatl. For the significance of each symbol just before the name of each restriction enzyme, see Fig. 1. (B) Lanes: l f 
2-22; 2, 2-46; 3, 5-9; 4, 5-3; 5, 5-10; 6, pHY300PLK. These deletion mutants are derivatives cloned to pHY300PLK. (C) Lanes: 1, pTPCAPl; 
2, pCAPl; 3, pCAPB; 4, pCAPA; 5, pCAPC. (D) Lanes: 1. pCAPl; 2. pBRCAP 5-5; 3, pBRCAP 5-6; 4, pBRCAP 5-9; pBRCAPl. These 
deletion mutants are derivatives cloned to pBRCAPl. Protein products were fractionated on sodium dodecyl sulfate-12.5% polyacrylamide 
gels. Major proteins. CapA, CapB, CapB', and CapC, are shown on the left side. Positions of marker proteins are shown on the right side. 
Kd. Kilodaltons. 



capC encode CapA, CapB plus CapB', and CapC, respec- 
tively. 

Complete nucleotide sequence of the cap region. The nucle- 
otide sequence of the 3,244 base pairs (bp) covering the 
whole intact cap region and the vicinity of the mutation 
endpoints of some deletion mutants was determined (Fig. 3). 
Three open reading frames corresponding to the products 
CapB (44 kDa), CapC (16 kDa), and CapA (46 kDa) were 
found in this order and in the same direction. No open 
reading frame capable of coding for a protein larger than 8 
kD was found in the opposite direction. Each coding frame 
was finally identified on the basis of the following findings. 
There were three possible translational initiation codons for 
CapB in frame, the ATG codon at the nucleotide 81 (abbre- 
viated as ATG-81). ATG-282, and GTG-309. Since deletion 
mutants 5-5, 5-6, and 5-9 were Cap* but 5-10 lacked the 
product CapB (Fig. 2B, lanes 3 to 5). ATG-282 was most 
likely to be the initiation codon for CapB. Thus, CapB 
contains 397 amino acid residues and has a molecular weight 
of 44,872. The production of CapB' was abolished by site- 
specific mutagenesis at any one of the Xbal, BamHl, Hindi, 
or Pvull sites but not at the Hindlll site (Fig. 2 A, lanes 2 to 
6), indicating that the translational initiation codon for CapB' 
is GTG-849 in frame with CapB. CapB' consists of 208 amino 
acid residues and has a molecular weight of 23,349. Since 
CapB' mutants are always CapB mutants also but the 
reverse is not the case, the contribution of CapB' to encap- 
sulation cannot easily be decided. However, since the nor- 
mal production of CapB' always accompanies the normal 
production of CapB, the physiological function of CapB' 
may at this stage be considered together with that of CapB. 
Since CapC disappeared from the minicell products when 
the Pst\ site was deleted, the translational initiation codon 
for CapC appears to be ATG-1490. It consists of 149 amino 
acid residues and has a molecular weight of 16,522. the 
translational initiation codon for CapA may be either ATG- 
1951 or ATG-2134. However, since CapA is appreciably 
larger than CapB in the minicell analysis, ATG-1951 seems 
to be more probable. Hence, CapA contains 411 amino acid 
residues and has a molecular weight of 46,420. For each of 
the open reading frames described above, one possible 



ribosome-binding site (Shine-Dalgarno sequence) (35) was 
found at 5 to 10 bp upstream of the translational initiation 
codons described above. 

Deletion mutant 5-9, with a deletion 274 bp from the Bglll 
site, leaving only 8 bp up to the translational initiation 
codon, was found to be Cap"'. This is probably due to 
read through from the vector. To identify the promoter 
unique to the capB cistron, we constructed deletion mutants 
with the vector derived from pBR322 rather than 
pHY300PLK by exchanging the fragment covering the 
CapB-coding region. Since a Sail linker had been inserted at 
the site of deletion endpoints of the pHY300PLK-cloned 
deletions 5-5, 5-6, 5-9, 5-3, and 5-10, the Sall-Aatl fragment 
Of each deletion mutant was exchanged with the Sall-Aatl 
fragment of pBRCAPl having the intact cap region cloned 
into pBR322 (Fig. 4). Thus, a series of pBRCAP-cloned 
deletion mutants with the same code number as those of the 
original pHY300PLK-cloned deletion mutants were ob- 
tained. pBRCAP deletion mutant 5-5 was Cap* like its 
parental pHY300PLK deletion mutant, 5-5. However, 
pBRCAP deletion mutants 5-6, 5-9, 5-3, and 5-10 were Cap", 
despite the previous finding that the original pHY300PLK 
deletion mutants 5-6 and 5-9 were Cap* (Fig. 1). In the 
minicell analysis, pBRCAP deletion 5-5 produced intact 
CapA, CapB, and CapC, whereas pBRCAP deletions 5-6 and 
5-9 produced intact CapA and CapC but not CapB (Fig. 2D). 
These observations indicate that the promoter unique to 
capB exists between nucleotides 135 and 239. Since CapA 
and CapC were phenotypically expressed in minicell analy- 
sis of pBRCAP deletions 5-6 and 5-9 in the absence of the 
promoter unique to capfl, it seems reasonable to assume that 
they have their own promoter(s). The putative promoter 
sequences for each of the three ci strops capB % capC, and 
cap A are shown in Fig. 3. To confirm that these sequences 
are in fact active as the promoter, the BstEll-Aatl fragment, 
the Bglll-Hindlll fragment, and the Pvull-Pstl fragment, 
containing the putative promoter sequence of capB, capC, 
and capA % respectively, were each cloned to an expression 
vector pKK232-8 (5) in the direction of transcription for the 
chloramphenicol resistance gene. Insertion of either of these 
sequences increased the MIC of chloramphenicol by about 
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FIG. 3. Nucleotide sequence of the cap region. The sequence is numbered starting from the BglU site of the cap region. Possible 
translation^ initiation codons are enclosed in small boxes. Possible promoter sequences are shown as -35 and -10, and SD is the possible 
Shine-Dalgarno sequence (35). Right-directed arrows above the sequence point to the region of DNA remaining undeleted in the denoted 
deletion mutants (described in the legend to Fig. 1). Hydrophobic amino acid sequences in CapA and CapB are boxed. A, B, and C are the 
open reading frames of CapA, CapB, and CapC products, respectively. 
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FIG. 4. Construction of pBRCAPl-derived deletions. 



4- to 16-fold in E. coli. This indicates that the sequences 
contain a promoter sequence active in E. coli. However, the 
extent of the increase in MIC was not as high as that of the 
E. co//-derived promoter. The introduction of a functional £. 
coli promoter upstream from that of the B. anthracis cap 
region highly potentiated the promoter activity of the latter 
(data not shown). 

Localization of CapA, CapB and CapC proteins in £. coli. 
To determine the location of these proteins, we fractionated 
the cytoplasmic, membrane, and periplasm ic fractions of 
minicells (Fig. 5A). All the CapA, CapB, and CapC fractions 
were found in the membrane fraction, as opposed to p- 
lactamase, which was found in the periplasmic fraction. 
When the spheroplast preparation was treated with trypsin, 
all three proteins were unaffected and remained intact, 
whereas the trypsin treatment following lysis of the sphero- 
plasts by sonication resulted in the loss of the CapA and the 
CapB proteins (Fig. 5B). These results indicate that all three 
proteins are membrane-associated proteins. 




FIG. 5. Fractionation of minicells containing the cap region and 
its trypsin digestion. (A) Fractionation of minicells containing 
pBRCAPl. C, cytoplasmic fraction; M, membrane fraction; P, 
periplasmic fraction. An arrow shows the mature lactamase 
protein. (B) Trypsin treatment of spheroplast preparations. Lane 1, 
intact minicell containing pTPCAPl; Lane 10. periplasmic fraction. 
The intact (lanes 2 to 5) and the lysed (lanes 6 to 9) sphcroplasts 
derived from minicells containing pTPCAPl were treated with 
trypsin at concentrations of 0 (lanes 2 and 6), 5 (lanes 3 and 7), 20 
(lanes 4 and 8). or 50 (lanes 5 and 9) *ig/ml. Protein products were 
fractionated on sodium dodecyl sulfate-12.5% polyacrylamide gels. 
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FIG. 6. Protein map of the cap region. A hydropathicity plot of 
each protein was generated by using the program of Kyte and 
Doolittle (20); window = 20 was used. The value of each position 
was plotted against the residue number of each protein. Arrows with 
solid lines at the middle are the open reading frames of the three 
proteins CapA, CapB, and CapC. Open boxes in CapA and CapB 
proteins shown near the N terminus are hydrophobic amino acid 
sequences. TnphoA insertion sites are shown as solid and broken 
lines below the arrows of open reading frames, and the direction of 
phoA transcription is shown as an arrow; solid and broken lines 
represent blue and light-blue colonies on XP plates, respectively. 
Probes 1, 11, and 111 were used for dot hybridization experiments 
(shown in text and in Fig. 7). 

Distribution of the sequence homologous to the cap region in 
other bacilli. In addition to B. anthracis, B. subtilis, B. 
megaterium, and B. licheniformis are known to have a 
capsule consisting of glutamyl polypeptide. To identify the 
capsular component and its genetic determinant among these 
bacilli, B. anthracis TE702, TE703 (as TE702 but cured of 
the Cap plasmid), and Shikan (a virulent Cap* strain), B. 
subtilis NIAH801, B, megaterium NIAH368, and B. licheni- 
formis NIAH227 were used to prepare the antigen for 
Ouchterlony precipitation assays against the antibody raised 
to B. anthracis TE702 capsular antigen. Except for the Cap" 
TE703 strain, all produced fused precipitation lines (see Fig. 
7A), indicating that they produce an immunologically iden- 
tical polypeptide. On the other hand, dot hybridization was 
performed with the six strains described above by using 
three probes, probes I, II and III (Fig. 6 and 7B). Only the 
Cap* strains of B. anthracis, TE702 and Shikan, were 
homologous to the probes, indicating that the genetic deter- 
minant for the capsular polypeptide in three bacilli other 
than B. anthracis is not homologous to the Cap region. 

The cap region confers resistance to phagocytosis. Using a 
pair of Cap + and Cap" strains, we examined the biological 




FIG. 7. Distribution of the capsular antigen and the sequence 
homology to the cap region in various bacilli. (A) Ouchterlony assay 
with anti-Cap serum raised by the capsule antigen from B. anthracis 
TE702 (24). Antigens were isolated by a 20-min autoclaving of the 
cell suspension grown on NBY agar plates (24) in the presence of 
20% C0 2 . (B) Dot hybridization with probes I, 11, and III (Fig. 6). 
About 20 u.g of total DNA per spot was used. Dots: 1, B. anthracis 
TE702; 2, B. anthracis Shikan; 3, B. subtilis; 4, B. megaterium', 5, B. 
licheniformis; 6, B. anthracis TE703. 
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TABLE 3. Phagocytosis of B. anthracis Cap* and Cap" strains 



Bacterial cells' Treatment 6 % Phagocytosis 4 



TE702 


Untreated 


4 


TE7021 


Untreated 


98 


TE702 


Autoclaved 4 * 


37 


TE7021 


Autoclaved* 


97 


TE702 


Pronase* 


55 


TE7021 


Pronase' 


93 


TE702 


Anti-Cap serun/ 


38 


TE7021 


Anti-Cap serun/ 


96 



* B. anthracis TE702 is Cap* and contains an intact capsule plasmid 
pTE702. TE7021 is Cap" and contains a pTE7021 plasmid with an insertion 
mutation in the cap region. 

* Because B. anthracis cells were linked together, they were slightly 
sonicated and separated from each other 

r Expressed as number of neutrophils per 100 counted cells containing one 
or more bacterial cells. 

4 Sonicated cells were autoclaved at 12 I'C for 30 min and washed in 
phosphate-buffered saline. 

* Sonicated cells were treated with pronase (100 jig/ml) at 37*C for 30 min 
and washed in phosphate-buffered saline. 

f Sonicated cells were incubated with phagocytic cells in the presence of 
anti-Cap serum. 



role of the capsule. TE702 is a strain of B. anthracis that is 
avirulent as a result of the loss of the toxin plasmid, but it 
carries the intact capsule plasmid pTE702 and hence is 
Cap*. TE7021 (24) is a Cap" derivative of TE702 containing 
pTE7021 (an insertion mutant in the cap region of pTE702). 
TE7021 but not TE702 was efficiently phagocytosed in the 
absence of complement and specific antibody (Table 3). 
Treatments more or less removing the capsular substance 
from the bacterial surface, such as autociaving and pronase 
digestion and the addition of anti-Cap serum to the reaction 
mixture, slightly but consistently decreased the ability of the 
Cap* bacteria to resist phagocytosis. 

DISCUSSION 

Although a considerable amount of information is avail- 
able concerning the biosynthesis of bacterial surface struc- 
tures including capsular polysaccharides (47), lipopolysac- 
charides (29), peptidoglycan (13), and membrane mannans 
(33), relatively little is known about the molecular mecha- 
nism of the synthesis of the poly-D-glutamyl capsule of B. 
anthracis. We demonstrated in a previous study (24) that the 
cloned cap region was phenotypically expressed in £. coli 
and produced a capsular substance immunologically identi- 
cal with that of B. anthracis. This permitted us to adopt 
recombinant DNA technology to study the capsule of B. 
anthracis in E. coli. 

In the present study, to clarify the role of the capsule as a 
virulence factor of B. anthracis, we constructed isogenic 
Cap* and Cap" strains of B. anthracis and compared them 
for the ability to resist phagocytosis. This has clearly dem- 
onstrated that encapsulated strains of B. anthracis resist 
phagocytosis. 

Furthermore, in the present study, complementation tests, 
minicell analysis, localization of the products, and nucleo- 
tide sequence determination for the cap region performed in 
E. coli have identified three cistrons, capA,capB, and capC. 
Each of these has a respective unique promoter but the same 
direction of transcription. The hydropathicity of the prod- 
ucts, Cap A, CapB, and CapC, was plotted (Fig. 6) on the 
basis of the nucleotide sequences obtained (Fig. 3). CapC 
was shown to be a hydrophobic protein, strongly suggesting 
that it is a membrane protein (19). Cap A has a hydrophobic 
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segment from Try-25 to somewhere around Gln-44, and the 
segment is surrounded by Arg. The N-terminal 20 amino 
acids of CapB are also hydrophobic, and amino acid 21 is 
Arg (Fig. 3 and 6), suggesting that the N-terminal 20- 
amino-acid segment is associated with the membrane and the 
other portion is in the cytoplasmic space. In addition, 
minicell analysis has revealed that all the CapA, CapB, and 
CapC fractions are in the membrane fraction (Fig. 5). These 
results are consistent with the hypothesis that all three 
proteins are membrane associated; that the hydrophobic 
segment of CapA and CapB, consisting of 20 amino acids 
(boxed in Fig. 3), is integrated into the membrane, with the 
other portion remaining in the cytoplasmic space; and, 
finally, that CapC is hydrophobic and integrated into the 
membrane so that its eight trypsin-susceptible sites are 
protected from digestion by trypsin. 

The capsular substance of B. anthracis, B. sub tills, B. 
megaterium, and B. licheniformis was found to be immuno- 
logically identical (Fig. 7A). However, the genetic determi- 
nant for the synthesis of the capsule substance seems to be 
distinctive between B. anthracis and other bacilli, because 
no sequence was found in bacilli other than B. anthracis that 
was homologous to any probes derived from the cap region 
(Fig. 7B). Since functionally identical enzymes derived from 
different species of bacteria may be encoded by genetic 
determinants completely nonhomologous with one another 
(17), this observation may not be exceptional. 

On the other hand, the lack of homology may reflect the 
difference in the synthetic pathways. There have been 
several reports on the enzymatic pathways leading to the 
biosynthesis of the poly-D-glutamate capsule in bacilli (12, 
40, 42, 44). Although the synthetic pathway of capsule 
formation in fl. anthracis remains obscure, the capsule of 
this organism is composed of only a homopolypeptide of 
D-glutamic acid (11). In contrast, glutamyl polypeptide pro- 
duced by B. subtilis (natto) contains both d- and L-glutamic 
acid (41), and it was reported that -y-glutamyltranspeptidase 
might participate in the synthesis of capsular substance in B. 
subtilis (12). However, E. coli strains (38) defective in 
-y-glutamyltrans peptidase activity could not be comple- 
mented by the cap region of B. anthracis with respect to this 
enzymatic defect, but they synthesized the capsule to the 
same extent as did E. coli strains proficient in this enzymatic 
activity and carrying the cap region. Furthermore, in £. coli 
strains defective in this enzyme, the capsular synthesis 
directed by the cap region was not inhibited by the inhibitor 

6- diazo-5-oxo-norleucine, which is specific to this enzyme 
(28) (data not shown). These observations indicate that the 
enzyme(s) encoded by the cap region does not possess 

7- gIutamyltranspeptidase activity. 

In contrast, the existence of membrane-associated poly- 
glutamyl synthetase complex in B. licheniformis was re- 
ported (8, 44). In experiments with purified membrane 
fractions of B. licheniformis, the reactions of this enzymatic 
complex were found to proceed sequentially by several 
apparently separable steps. Thus, L-glutamate is activated in 
the presence of ATP to form the activated intermediate 
L-glutamyl AMP. Subsequently, the stereochemical inver- 
sion of the l to the d form occurs independently of the 
activation step. A protein-bound thioester mediates racem- 
ization and the subsequent transfer to growing polymeric 
chains. Several experimental observations have also been 
reported which support the involvement of an endogeneous 
acceptor of the N terminus of growing nascent chains onto 
which sequential addition of activated glutamyl residues 
occurs (8). 
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Our preliminary data have revealed that E. coli carrying 
the cap region incorporates appreciably higher L-( u C]Glu 
levels than £. colt without the cap region does (data not 
shown). This indicates that l-GIu may be the direct precur- 
sor of the capsule encoded by the cap region, as is the case 
in B. licheniformis. 

Moreover, since the three proteins, CapA, CapB, and 
CapC, encoded by the cap region are all membrane associ- 
ated (Fig. 5), it is conceivable that the cap region codes for 
a membrane-associated polyglutamyl synthetase complex 
similar to that in B. licheniformis. In B. anthracis, the 
capsular polymer could not be detected in any in vitro- 
constmcted Cap" mutants (Fig. 1), even after lysis by 
sonication (data not shown). That is, without all of the three 
products from the three cistrons, the capsule substance 
cannot be synthesized at all. This is not compatible with the 
possibility that the polymerized capsule is synthesized in the 
cytoplasm and transported to the bacterial surface but sug- 
gests that polymerization of glutamate occurs in the mem- 
brane. Also, in this respect, the synthetic pathway of the 
capsular substance encoded by the cap region in B. anthra- 
cis seems to resemble that in B. licheniformis (8). 

The three proteins in B. anthracis were found to be 
associated with the membrane (Fig. 5). CapC is a hydropho- 
bic protein and seems to exist in membrane-integrated form 
(Fig. 6). The insertion of TnphoA into the capC cistron 
resulted in a mutant producing a blue colony on an XP plate, 
which was used for scoring alkaline phosphatase activity, 
whereas the insertion into capB and cap A resulted in light- 
blue mutants in the same assay (Fig. 6). These observations 
indicate that the membrane protein CapC exists neither in 
the inner membrane nor in the periplasmic space but in the 
outer membrane in E. coli. CapC, but not the two other 
proteins, was in fact detected in the outer membrane fraction 
(data not shown). Although these results were obtained with 
E. coli, CapC, among these three proteins encoded by the 
cap region, may exist on the outermost surface in B. 
anthracis also. Thus, if the synthetic pathway in B. anthracis 
highly resembles that in B. licheniformis, CapC may be the 
most suitable candidate for the endogeneous acceptor of 
glutamyl residues. 
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ABSTRACT 

This study surveyed strategies of se- 
quencing primer selection and evaluated 
primer performance in automated DNA se- 
quencing. We asked participants to re/ate 
their preferred primer design strategies to 
identify primer characteristics that are con- 
sidered most important in sequencing 
primer design. The participants preferred 
primers of 18-24 nucleotides (nt). 
39%-5R% (7+C a melting temperature 
(TJ of 53 C -65 C C with a 1-2 nt 3' CC 
clamp, hairpin stems of less than 2-3 hp. 
homopolymeric runs of less than 4-5 nt, 
primer dimers of less than 3-4 hp and sec- 
otulary priming sites of less than 3-4 bp. We 
provided a 3(H)-bp test sequence and asked 
participants to submit sequences of 1-3 op- 
timal sequencing primers. Submitted 



primers ranged from 1 7-24 nt and largely 
conformed to the preferred parameters. 
Submitted primers were distributed across 
the test sequence, although some sites were 
disfavored. Surprisingly, approximately 
45% of the primers were selected "manual- 
ly more than by any software package. 
Each of 69 submitted and 95 control 
primers, distributed at 3-hp internals across 
the test sequence, were synthesized, purified 
and tested using a Model 377 Prism™ DNA 
Sequencer with dichlororhodamine dye ter- 
minutor reagents (dRhodamine dye termi- 
nators). Approximately half of the control 
primers were also tested using rhodamine 
dye terminator reagents ("old" rhodamine 
dye terminators). The results indicated that 
primer physico-chemical characteristics 
thought to have a strong impact on sequenc- 
ing performance had surprisingly little ef- 
fect. Thus, primers with high or low percent 
(J+C or T nr strong secondary priming 
scores or long 3' homopolymeric stretches 
yielded excellent sequences with the dRho- 
damine dye terminator reagents, although 
these characteristics had a stronger effect 
when the old rhodamine reagents were 
used. The old rhodamine reagents gave se- 
quences with a similar average read length, 
but the number of errors and ambiguities or 
"N's " was consistently higher. Moreover, 
the effects of the primer physico-chemical 
characteristics were also more evident with 
the old rhodamine dyes. We conclude that 
under optimal sequencing conditions with 
highly pure template and primer, many of 
the commonly applied primer design para- 
meters are dispensable, particularly when 
using one of the new generation of sequenc- 
ing reagents such as the dichlororhodamine 
dye terminators. 



INTRODUCTION 

The Nucleic Acids Research Com- 
mittee (NARC) of the Association of 
Biomolecular Resource Facilities 
(ABRF) evaluates the procedures and 
performance of research facilities that 
perform nucleic acid synthesis and se- 
quencing in academic, industrial and 
other institutions (5,6). These studies 
provide a measure of the industry state- 
of-the-art, as well as die level of perfor- 
mance, that can be expected from such 
facilities. Previous projects have exam- 
ined general operations of DNA core 
laboratories (15), the accuracy of auto- 
mated DNA sequencing in these facili- 
ties (12), and the performance of unpu- 
rified synthetic oligonucleotides as 
primers for automated DNA sequence 
analysis (14). The DNA Sequencing 
Research Committee of the ABRF has 
performed studies evaluating the ability 
of DNA core facilities to sequence dif- 
ficult templates (2) and the perfor- 
mance of various sequencing strategies 
and chemistries (1). Herein, we have 
studied primer selection strategies used 
by DNA sequencing facilities and em- 
pirically examined the quality of the se- 
quence data provided by primers select- 
ed by these facilities. 

Despite a long-standing conviction 
within the DNA sequencing communi- 
ty that careful primer design is essential 
to ensure high quality data (c.f., 
1 1,14,17,18), there is a paucity of em- 
pirical studies supporting this view. A 
variety of reasonable "rules of thumb" 
(13) suggesting optimal ranges for 
primer length, percent G+C, melting 
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Table I. Predicted Optimal and Observed Physico-Chemfcal Characteristics of Primers for Automated PNA Sequencing or PGR 





Sequencing Primers 0 


PCR Primers b 


Submitted Primers c 




Optimum* 


Range 6 


Optimum* 


Range 6 


Mean f 


Ranges 


Length 


18-24 nt 


15-^0 nt 


18-29 nt 


15-40nt 


19.7 nt 


16-24 nt 


T h 


52°-66°C 


40°-95°C 


50°-69°C 


40°-95°C 


66°C 


48°-91°C 


Percent G+C of primer 


40%-61% 


30%-70% 


40%-61% 


30%-70% 


53% 


29%-82% 


3' GC clamp 1 


1-2 nt 


0-5 nt 


1-2 nt 


0-2 nt 


1.1 nt 


0-4 nt 


Primer dimeri 


3-^ bp 


0-7 bp 


3-4 bp 


0-7 bp 


-5.4 


-1.6-16.5 


Hairpin stems k 


2-3 bp 


0-6 bp 


2-3 bp 


0-6 bp 


1.1 bp 


0-5 bp 


Homopolymer runs 1 


4-5 nt 


3-10 nt 


4-5 nt 


3-10 nt 


3.0 nt 


2-5 nt 


Secondary priming™ 


3-4 


0-10 bp 


3-4 bp 


0-10 bp 


49" 


0-266 n 



^Parameter values preferred by participants for primers to be used in sequencing. 

^Parameter values preferred for primers to be used in PCR experiments. 

^Parameter values of the primers submitted by participants. 

d Optimum values for each parameter as selected by the participants. 

eThe range of acceptable values selected by the participants. 

fThe mean values for each parameter calculated from the submitted primers. 

9The range of values for each parameter calculated from the submitted primers. 

h Values submitted by participants for primers to be used for sequencing or PCR and nearest neighbor T m of primers submit- 
ted by participants. 

'The 3' clamp refers to the number of G or C bases at the 3' terminus of the primer. 

iLargest number of contiguous complementary bases permitting dimerization of primer or the stability of strongest potential 
primer dimer (kcal) as measured by Oligo 5.0. 

k Largest number of bases capable of forming a hairpin stem in the primer. 
'Number of bases in longest homolopolymeric run in the primer. 
^Number of bases permitted in most stable secondary priming site. 

"The priming efficiency as calculated by Oligo 5.0 for test sequence only (submitted primers). 



temperature (T m ) and composition have 
led to the development of primer design 
software packages that identify primers 
conforming to these criteria (4,16.18). 
However, the success of these strategies 
in selection of high-quality sequencing 
primers, to our knowledge, has not been 
extensively examined. In many se- 
quencing projects, primer design and 
synthesis represent the most significant 
costs and consume the bulk of effort 
and time. Therefore, it is extremely im- 
portant that these primers yield high- 
quality sequence data. 

To examine this issue, an e-mail sur- 
vey containing general questions about 
laboratory functions and specific ques- 
tions concerning important characteris- 
tics for primer selection was distrib- 
uted. A 300-bp test sequence was 
provided for which participants were 
asked to design sequencing primers. 



The submitted primers and a set of con- 
trol primers spanning the 300-bp test 
sequence at 3-bp intervals were synthe- 
sized and used to sequence the test 
template on a Model 377 Prism™ 
Automated DNA Sequencer (PE Bio- 
systems, Foster City, CA, USA). Due to 
the results of this study, current primer 
design rules of thumb may be stream- 
lined to facilitate more efficient primer 
selection for sequencing projects. 



MATERIALS AND METHODS 

The Survey 

In December of 1 996 and January of 
1997, members of the ABRF were re- 
quested via e-mail distributions, the 
ABRF Electronic Bulletin Board and a 
standard mailing, to participate in a 



study of DNA sequencing primer de- 
sign. The distribution provided a 300-bp 
"test sequence" (Figure 1) that was se- 
lected and previously shown to contain 
no segments that affect sequence ladder 
extension (data not shown). Participants 
were asked to use the prevailing tech- 
nology in their laboratories to design 
and submit the sequences of up to three 
sequencing primers in the forward di- 
rection. Participants were requested to 
select the best primers irrespective of 
their positions on the test sequence. All 
responses were anonymously screened 
and coded by Virginia Commonwealth 
University (VCU) Health Sciences 
Computer Center personnel. Identifying 
data were removed from each document 
before being forwarded to the Commit- 
tee for analysis. Several respondees 
submitted uninterpretable data. Where 
possible, these respondees were identi- 
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fied by Computer Center personnel, and 
new information was requested. Every 
effort was made to maintain the integri- 
ty of the data and the anonymity of the 
participants. 

Control and Submitted Primers 

A panel of 95 primers were synthe- 
sized as controls. These 1 8 nucleotide 
(nt) primers spanned the 300-bp test se- 
quence with their 5' termini located at 
3-bp intervals (i.e., the first began at bp 
1 of the test sequence, the second began 
at bp 4, etc.). All primers were ana- 
lyzed with the Oligo™ Program 5.0 
(NBl/Genovus, Plymouth, MN, USA) 
(16) and the number of bases, percent 
G+C, T m (nearest neighbor method de- 
scribed in Reference 9), internal struc- 
ture, secondary priming sites, etc., were 
recorded. 

The 69 submitted and 95 control 
primers were synthesized on a Model 
3948 DNA Synthesis and Purification 
System (PE Biosystems) at three differ- 
ent sites. Synthesis was performed at 
the 40 nmol scale using PE Biosystems 
reagents and the standard synthesis, 
cleavage and purification cycles. An 
aliquot of each sample was analyzed by 
polyacrylamide gel electrophoresis 
(PAGE) and by matrix-assisted laser 
desorption ionization time of flight 
mass spectrometry (MALDI-TOF/ 
MS). PAGE was performed using pre- 
cast minigels (Novex, San Diego, CA, 
USA) following the protocol specified 
by the manufacturer. Mass analysis was 
performed on a 200-pmol sample 
mixed with 10 mg/mL 3-hydroxypicol- 
inic acid matrix (in 50% acetonitrile, 
0.1% trifluoracetic acid) on a Voyager 
RP MALDI-TOF/MS instrument (Per- 
Septive Biosystems, Framingham, MA, 
USA). Criteria for passing quality con- 
trol were: (/) a single major band on the 
gel: (it) appropriate mobility on the gel 



compared to molecular weight stan- 
dards; (hi) a synthesis yield >0.5 ODU 
(absorption of sample in 1 mL at 260 
nm with 1 cm pathlength set up on the 
3948 Synthesizer); and (iv) a single 
peak of the expected mass by MALDI- 
TOF/MS. Any oligonucleotides that 
failed to meet these criteria were resyn- 
thesized. 

Test Template and Preparation 

The plasmid template was preselect- 
ed to contain a test sequence lacking 
obstacles to sequence extension (data 
not shown) and purified by double 
banding in CsCl-ethidium bromide iso- 
pycnic density gradients (10). 

DNA Sequence Analysis 

Each of the purified and quality-test- 
ed oligonucleotides were used as a 
primer for DNA sequence analysis us- 
ing dRhodamine Terminator Cycle Se- 
quencing Ready Reaction Kit with Am- 
pliTaq® FS reagents (PE Biosystems) 
under standard reaction conditions as 
described by the manufacturer at 20 \iL 
total vol containing 300 ng of template 
and 5 pmol of primer. Sequencing reac- 
tions were run for 25 cycles of 10 s at 
96°C, 5 s at 50°C and 4 min at 60°C in 
a GeneAmp® PCR System 9700 DNA 
Thermal Cycler (PE Biosystems). Re- 
actions were analyzed on Model 377 
Prism Automated DNA Sequencers us- 
ing 5% Long Ranger™ (FMC BioProd- 
ucts, Rockland, ME, USA) gels with 
Tris-Borate-EDTA buffer (TBE; pH 
8.3). Approximately 30% of the control 
primers were rerun using the same 
dRhodamine dye terminator/Taq FS kit 
to ensure reproducibility, and approxi- 
mately 50% of the control primers were 
rerun using the old rhodamine dye tcr- 
minator/Taq FS kit (PE Biosystems). 
The dRhodamine or dichlororhodamine 



reagents are modifications of the origi- 
nal old rhodamine dyes that have nar- 
rower emission spectra, less spectral 
overlap and more even peak heights 
than the earlier dyes (19). Each 5% 
polyacrylamide sequencing gel was 
electrophoresed for approximately 8 h, 
and the data was directly exported for 
analysis using Sequencher™ (Gene 
Codes, Ann Arbor, Ml, USA). Using 
this software, the raw data was trimmed 
to remove 5' and 3' ambiguous se- 
quences, so that the first and last 25 nt 
contained no ambiguities. Each result 
was aligned with the known sequence, 
and we recorded: (/) the number of nt 
between the 3' end of the primer and 
the beginning of the trimmed data; (/i) 
the number of nt in each sequence read; 
and (Hi) the number of errors, including 
miscalls, insertions, deletions and am- 
biguities in each 100-bp window 
through the end of the sequence read. 



RESULTS 

Participant Profiles 

Thirty-nine laboratories participated 
in the study, submitting 69 primer se- 
quences. Of the participants, approxi- 
mately 77% provide synthesis services 
and approximately 85% provide se- 
quencing services, but only approxi- 
mately 50% provide primer design or 
walking services, and less than one 
third offer template preparation. Labo- 
ratories performing these services aver- 
aged annually approximately 3700 syn- 
theses, 7000 sequence runs, 425 primer 
designs, 424 template purifications and 
less than 200 primer walking projects. 
Charges for services averaged $1.1 7/nt 
for 40-50 nmol and $2.19/nt for 
150-200 nmol syntheses of a 25-nt un- 
purified primer and S24/reaction for 
DNA sequence analysis ($9 for gel 
only). The average price for a primer 
walking sequencing project of a 2-kbp 
insert in a plasmid vector was approxi- 
mately S500 or $0.25/bp. Charges for 
"external users", where available, aver- 
aged approximately 1 7%-50% higher 
than charges for institutional users. 
DNA synthesis and sequencing instru- 
mentation was dominated by PE 
Biosystems; i.e., 77% of synthesizers 
and 92% of sequencers, but Beckman^ 



1 ATCCACACGG CGCTTTGACT CCCCTTCTGA AAAAAAAGAA CACGTTGATT 

SI CCCCTTTTGA TTTCCCACGA ATGCCAAGCA CAATTCACGC ACAGCCAACG 

101 GCACGGAGAG ACCATAACGT AAAATACACA CAACTCCTCC AATCACAAAA 

151 GOACACGCAC AGCACGCAAA TAAACATTGC ACACGGCATG ACATTTTGCG 

201 ACCCACACAC AATGTGTACA CTACAATTAT ATGAAAATCC CTCCCCCATT 

251 CCGCGGGTGC GCCGCAAAGG GCCAAAAACC CAAATGATCC ACTTTATTAT 



Figure 1 . Test sequence. Shown is the 300-bp sequence distribuied to participants for design of forward 
sequencing primers. Participants were asked to design primers in the forward direction. 
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Instruments, PerSeptive Biosystems 
and Ll-COR were also represented. 
Only approximately 1 5% of the partici- 
pants maintained robotic systems for 
template preparation or sequencing. Fi- 



nally, when asked if commercial sup- 
pliers had an impact on services provid- 
ed by the facilities, almost 80% of the 
laboratories responded affirmatively. 
Approximately 38% had dropped 
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Figure 2. Primer characteristics vs. sequencing performance. The performance of sequencing 
primers, sorted according to various physico-chemical characteristics, was examined. The number of er- 
rors over the full-length read of each primer, determined as described in the Materials and Methods, was 
plotted against the results of each primer sorted according to the relevant parameter. (A) Primer length 
vs. errors. The primers were sorted according to their lengths in ascending order, and secondarily, ac- 
cording to their positions on the test sequence. The number of errors over the full-length read is plotted. 
Note that since all of the primers tested with the old rhodamine reagents were controls, and therefore 1 8- 
nt long, the data for old rhodamincs arc not included in this analysis. The X-axis distributes the primers 
from 16-24 nt in length; the y-axis indicates the number of errors over the full-length read of that primer. 
(B) Position of the primer on the test sequence. The primers were sorted according to the position of their 
5' nt on the test sequence (bp 1-283 on x-axis) and the number of errors in their full-length reads were 
plotted (y-axis ). (C) T m of the primer. The primers were sorted in descending order by their T m 's 
<9I°-37 C C on x-axis) and the number of errors in their full-length reads were plotted (y-axis). (D) The 
pcrceni G^C of the primer. The primers were sorted in descending order (82%- 17% on x-axis) by their 
percent G+C, and the number of errors in their full-length reads were plotted (y-axis ). (E) Homopoly- 
mcric stretches in the primer. The primers were sorted according to first the number of nt (8-2 on x-axis) 
in the longest homopolymeric stretch, and secondarily according to the number of nt in the second 
longest homopolymeric stretch. The number of errors over the full-length read were plotted (y-axis). (F) 
Secondary priming efficiency of the primers. Each primer was examined for secondary priming sites in 
the vector and across the test sequence using Oligo 5.0. The priming efficiency score assigned by Oligo 
5.0 was determined. The primers were sorted first according to the score of the strongest secondary prim- 
ing site in the vector (304- 42 on x-axis) and secondarily according to the strongest secondary priming 
score in the test sequence. The number of errors across the full-length reads were plotted (y-axis). 
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Table 2. Average Primer Performances of Submitted and Control Primers Using dRhodaminc or Old Rhodaminc Dye Terminator Sequencing Kits* 



Submitted Primers 
dRhodamines 0 



Control Primers 
dRhodamines b 



Control Repetition 
dRhodamines 0 



Control Primers 
old kit dyes 0 



5' nt trimmed 0 
read length in nt* 
ambiguities (N's)* 
errors per first 700 nt f 



3.3 (2, 1-14) 
760 (770, 674-802) 
2.2(1,0-16) 
2.9 (2, 0-14) 



4.6(4,1-19) 4(3,0-16) 

772 (778, 683-799) 798 (803. 733-867) 

1.6(1.0-32) 4.4(4.1-17) 

2.9(2.0-46) 5.4(5,3-16) 



4.5(4, 0-16) 
752 (764, 654-803) 
8.7 (7, 0-58) 
16.5(12.3-92) 



a Old rhodamine kits refer to the original ABI Prism Dye Terminator Cycle Sequencing Kits, dRhodamine kits refer to the new 
ABI Prism dRhodamine Terminator Cycle Sequencing Ready Reaction Kits containing the dichlororhodamine dye termina- 
tors. 

b The data is shown as the average with the (median, range) in parentheses. 

c The number of nt between the 3' end of the primer and the beginning of the trimmed sequence. 

d The length of read in nt after trimming using Sequencher (see Materials and Methods). 

e The number of ambiguous calls (NTs) in the full-length sequence read. 

fThe number of errors in the first 700 nt of the sequence. 



prices and approximately 25% indicat- 
ed a decreased number of synthesis re- 
quests in response to commercial sup- 
pliers. About 23% of the laboratories 
purchased or planned to purchase large- 
scale synthesis instruments to match 
the new competition. However, only 
approximately 5% had discontinued 
synthesis services. 

Software or Manual Selection of 
Primers 

Thirty-one laboratories described 
their practices for the design of se- 
quencing and PCR primers. We were 
surprised that, in spite of the availabili- 
ty of excellent commercial primer de- 
sign software programs, over 50% 
(1 7/3 1) of the reporting laboratories 
preferred to select primers manually. 
Of the 25 laboratories reported that se- 
lection and design of PCR primers, 
again over 50% (14/25) tended not to 
use software. Of those laboratories that 
rely on software for primer selection, 
over 60% rely on various versions of 
the Oligo software for sequence primer 
design, and over 70% use the Oligo 
software for PCR primer design. 

Idealized Primer Physico-Chemical 
Characteristics 

Participants were asked to provide 
their preferences for the physico-chem- 



ical characteristics of the ideal sequenc- 
ing and PCR primers. This analysis 
provided few surprises (Table 1), in that 
the idealized primer characteristics of 
most respondents closely parallel those 
of some common rules of thumb for 
primer design. Thus, sequencing pri- 
mers should be: 18-24 nt in length, T m 
= 52°-66°C, 40%-60% G+C, with 1-2 
bp 3' GC clamps (G or C nt at 3' termi- 
nus of the primer) and very little inter- 
nal structure, homopolymeric sequence 
or potential for secondary priming. A 
similar set of characteristics was report- 
ed for PCR primers, although the opti- 
mal acceptable length, T m and percent 
G+C were slightly greater than for se- 
quencing primers. However, it was un- 
expected that some participants accept 
primers of up to 40 bases, with T m 's as 
high as 95°C for both sequencing and 
PCR primers. When asked to rate the 
relative importance of each characteris- 
tic, participants rated the existence of 
secondary priming sites and percent 
G+C as most important, with T m , pres- 
ence of a 3' GC clamp, the potential to 
form primer dimers, primer length, the 
presence of internal structure or the 
presence of homopolymeric runs, in or- 
der of decreasing importance for se- 
quencing primer design. Relative im- 
portance of these characteristics was 
similar for PCR primers, except that the 
potential for formation of primer 
dimers was rated almost as important as 



the existence of potential secondary 
priming sites. 

Characteristics of the Submitted 
Primer Sequences 

The 39 participating laboratories 
submitted 69 primer sequences ranging 
in length from 16-24 nt with an aver- 
age of approximately 20 nt. The 
primers were distributed fairly evenly 
across the 300-bp test sequence, al- 
though some segments were obviously 
purposefully excluded; e.g., any primer 
beginning between bp 2 1 and 30 of the 
test sequence would bear an 8-nt 
poly(A) segment (not shown). Not sur- 
prisingly, most of the submitted pri- 
mers conformed closely to the ideal- 
ized physico-chemical characteristics 
for sequencing primers (Table 1 ). Al- 
though some deviated from the ideal- 
ized characteristics, all conformed to 
the more broad ranges defined by par- 
ticipants. Thus, the participants select- 
ed primers according to their idealized 
criteria, even though almost half of the 
submitted primers were selected manu- 
ally without the aid of computer soft- 
ware. Interestingly, some of the submit- 
ted primers had very high or low T m 
(91° or 48°C) or percent G+C (82% or 
29%), indicating that the participants 
do in fact permit a significant variation 
in these characteristics. Moreover, 
some primers exhibited relatively high 
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secondary priming efficiency numbers 
(a score calculated by Oligo 5.0, 
whereby a priming efficiency of 160 
can prime in sequencing reactions) 
even within the test sequence (Table i). 

Sequencing Performance of 
the Primers 

The results of the sequence analysis 
as described in the Materials and Meth- 
ods were unexpected (Table 2); i.e., we 
expected a wide range in the perfor- 
mance of the submitted and control 
primers. Instead, all of the submitted 
primers functioned extremely well, the 
poorest performer still yielding <2% 
errors over a >700-nt sequence. The av- 
erage number of errors and ambiguities 
over the 700-nt window was 2.9, and 
the average read length was 760 nt. 
Similarly, almost all of the control 
primers functioned very well, with an 
average of 2.9 errors or ambiguities 
over the 700-nt window and an average 
read length of 772 bases. Only one 
primer (No. 8) failed to give any rea- 
sonable sequence, and even this 
oligonucleotide performed adequately 
on the repeat; i.e., 13 errors and ambi- 
guities over a 700-nt read. The average 
read lengths of the sequences from the 
submitted and control primers were 
760 and 772, with ranges of 674-802 
and 683-799 bases, respectively. The 
average number of nucleotides trimmed 
from the 5' ends of these sequences was 
3.3 and 4.6 nt, respectively. Many se- 
quences began on the first nucleotide 
after the primers, but up to 14 or 19 nt 
were trimmed from the 5' ends of the 
submitted and control primers. As ex- 
pected from previous studies (1,2,12, 
14,18), errors and ambiguities were 
clustered in the first and last 100-bp 
windows of the sequences (data not 
shown). Approximately 30% of the 
control primers were used in repeat re- 
actions with very similar results (Table 
2, and data not shown). 

The control primers used in se- 
quence reactions using the old rho- 
damine dye terminator reagents gave 
slightly poorer overall results. The read 
lengths of these reactions did not differ 
greatly from the read lengths of the 
dRhodamine reactions (average 752 nt 
vs. 772 bases, Table 2). However, there 
were more N's (average 8.7 vs. 1 ;6) and 



errors and ambiguities (average 16.5 
vs. 2.9) in the data generated with old 
rhodamine dye terminators than in the 
dRhodamine-generated data (Table 2). 

Poor Primers Yield Good 
Sequence Results 

The uniform high-quality sequence 
data from the control primers using the 
dRhodamine reagents was not expect- 
ed. Only primer No. 8 failed catastroph- 
ically (i.e., gave no valid sequence 
data), and primer No. 9 yielded >5% er- 
rors over a 700-nt window. However, 
both of these primers provided better 
data when used in a repeat sequencing 
reaction (Table 3). Moreover, there was 
no obvious relationship between the 
number of errors in a sequence and the 
length, position, T m , percent G+C, sec- 
ondary priming potential, length of ho- 
mopolymeric stretches (Figure 2, pan- 
els A-F) or the potential for forming 
primer dimers (data not shown) of the 
primers. On the contrary, many primers 
exhibiting suboptimal physico-chemi- 
cal characteristics yielded high-quality 
sequence. For example, although the 
one primer, No. 8, that failed castas- 
trophically has an 8-nt poly(dA) stretch 
near its 3' terminus, other primers, e.g., 
Nos. 7 and 10, contain a similar se- 
quence, but still generated very re- 
spectable data (Table 3). Primer No. 9, 
which also contains the same poiy(dA) 
stretch, also yielded relatively poor data 
(46 errors in 700 bases), although the 
error rate was <3% over the first 500-nt 
window (data not shown). Examination 
of the sequences of these primers sug- 
gests that homopolymeric stretches of 
dA's may have a negative impact on se- 
quence quality, but that these stretches 
must be quite long, and near to the 3' 
terminus to exert their effects. Other 
primers with extensive homolopoly- 
meric stretches yielded good results 
(Table 3). Finally, when the length of 
the longest homopolymeric stretch in 
each of the primers was plotted against 
the number of errors in the sequence re- 
action (Figure 2E), no general trend 
was observed when reactions were per- 
formed with dRhodamine reagents. To- 
gether, these observations suggest that 
under optimal conditions using dRho- 
damine reagents, long homopolymeric 
stretches do not necessarily negatively 
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Table 3. Primers with Physico-ChemictI Characteristics that Were Not Expected to Provide Good Sequencing Results 



Primer# Sequence 



Errors 1 



dRhodamines 



"ol<T Rhodamines 



per 700 m 



total read 



per 700 Bti total read 



per 700 nt 



46 
#7 
•I 
99 

#10 
•76 

m 



faa caccociTcia uuut 

CTCCCCTTCTQJUUMUUU* 



ATTATATQXAAA T OOCTC 
AVfcfGJUUUlTCCCSCCCC 



Imngttft 

4A/4C 
7274C 
tA/5C 
SA/2A 

ax/ix 
4X/3C 
4C/4A 



6/734 
8/755 

46/493 
9/764 

inn 
3/772 



4 
6 
13 
7 
3 
nd 
nd 



9/103 
16/030 
17/019 
19/042 
11/790 

nd 

ad 



10 

57 
11 

sd 



SO/005 
13/740 
43/554 
03/714 
13/721 

as 
aft 



mlttng tm 



#00 

•39 tMOOZAMAXaCftCaA 

973 oot*cact*ciuwt*», 



fit 
ore 

75T 
ACC 

37*C 



03 

70 
72 
31 
29 



4/773 
2/734 
11/771 
4/744 
3/743 



nd 
4 

5 
7 
ad 



nd 

27/744 
31/847 
9/733 



fid 
10 
IS 
12 
14 



ad 

32/744 
15/703 
15/731 
32/700 



Stcoadaxy priming «*e*f t 



•83 



066 



«49b 



flCAb 



COCCXT 

ii inn 1 1 1 1 lit 

TO9TJUUO9C-C0CAG0C 




ococooOTOcacoocxxAflcaoc 

i i mi Mini 

irrOOTCOOTCaQC-CTTOOOQ 



304/519 



374/S17 



346/451 



190/443 



9/747 



8/774 



11/784 



6/773 



19/423 



14/803 



14 



23 



16/709 



46/784 



1 Errors and ambiguities per 700 nt read, or per total read length. For the dRhodamines, both the initial results and the re- 
sults of the repeat analysis are shown. 

2 Length of the longest and second longest homopoiymeric stretches in the primer. 

3X/Y where X is the priming efficiency number generated by Oligo version 5.0, for potential secondary priming in the vector, 
and Y is the value for a perfect match with that primer. In general, the higher the score, the higher the stability and quality 
of the priming at that site. A score of >200 will often give false priming results according to the Oligo 5.0 manual. 

nd, not determined 



effect sequence results. 

T m and percent G+C also showed 
less impact than expected on the dRho- 
damine reactions (Figure 2, C and D 
and Table 3). Thus, primers with low 
T m and percent G+C; e.g., 37°C/28% 
and 44°C/28% for primer Nos. 72 and 
39, and others with high T m /percent 
G+C; e.g., 75°C/72% and 83°C/78% 
for control primer Nos. 80 and 84 and 
91°C/82% for submitted primer No. 



432 lb, each provided sequence at well 
under 1% error rate (Table 3). Sec- 
ondary priming potential also exhibited 
less of an obstacle for dRhodamine se- 
quencing than was anticipated. Primers 
with very high secondary priming 
scores at sites within the template pro- 
vided excellent sequence data. Control 
primer Nos. 82 and 83, and submitted 
primer Nos. lOAb and 49b, had high 
secondary priming scores, and in each 



case the homology encompassed the 3' 
end of the primer (Table 3). Nonethe- 
less, these primers yielded very high- 
quality results. 

Finally, we compared the sequenc- 
ing results generated with primers se- 
lected by software to the results of 
manually selected primers and to the 
arbitrarily selected control primers. 
There was no observable difference in 
the results obtained; i.e., the average 
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number of errors over a 700-nt se- 
quencing window was 2.9, 3.1 and 3.3 
for all submitted primers, for submitted 
primers selected using software and for 
the control primers, respectively. More- 
over, no clear trends were observed 
when comparing the physico-chemical 
characteristics of the software-designed 
primers to the manually designed or the 
control primers (data not shown). 

Old Rhodamines vs. dRhodamines 

The old rhodamine dye reactions 
were more strongly impacted by primer 
physico-chemical characteristics than 
the dRhodamine dye reactions. As de- 
scribed above, the old rhodamine dye 
reactions were consistently poorer than 
the dRhodamine reactions (Table 2). 
Moreover, the former reactions seemed 
more sensitive to primer characteristics. 
Thus, reactions with higher error rates 
tended to be those with lower T m , lower 
percent G+C and longer homopolymer- 
ic stretches (Figure 2, panels C-E). As 
with the dRhodamines, the old rho- 
damine reactions exhibited no discern- 
able trend in relation to secondary 
priming potential (Figure 2F), or primer 
secondary structure (data not shown). 



DISCUSSION 

In this study, we examined the per- 
ceptions and strategies of participant 
core facility personnel for the design 
and selection of DNA sequencing and 
PCR primers. The results may reveal 
some unexpected misconceptions in the 
requirements for good sequencing 
primer design. Thus, most laboratories 
espouse primer design dogma suggest- 
ing that a sequencing primer should be 
18-24 nt in length with a T m = 
52°-66°C, 40%-60% G+C, 1-2-bp 3' 
GC clamps and little internal structure, 
homopolymeric sequence or potential 
for secondary priming. The percent 
G+C and secondary priming potential 
were rated as the most important char- 
acteristics, but T m , GC clamps, primer 
secondary and tertiary structure, length 
and the presence of homopolymeric 
runs were also thought to be relevant. 
Moreover, previous studies have shown 
that secondary structure of the template 
in the primer target regions can effect 



priming efficiency (7,8). 

With regard to primer design, we 
were surprised to find that the majority 
of investigators design most of their se- 
quencing primers manually. Thus, in 
spite of the perceived importance of 
primer characteristics and the wide- 
spread availability of primer design 
software, approximately 55% of the 
participants in this study elected to de- 
sign primers manually. We believe that 
this observation is the result of a com- 
bination of the facts that primer design 
software is not yet sufficiently tl user- 
friendly ,, and that the primer physico- 
chemical characteristics are not as im- 
portant as commonly believed. It would 
seem that the authors of primer design 
software could take note of this result 
and streamline and enhance their prod- 
ucts so that they are more convenient, 
beneficial and practical to use. Clearly, 
however, there are many circumstances 
(e.g., templates with GC-rich regions or 
with unusual sequences or structures, 
genomic sequencing or the sequencing 
of very large templates with many re- 
peat regions) in which it would be ad- 
visable to use appropriate primer de- 
sign software to automate and expedite 
primer design and synthesis. 

The results of die empirical se- 
quencing analysis were surprising in 
that nearly all of the primers yielded 
data of extremely high quality. Excel- 
lent data was obtained in spite of wide- 
ly varying primer T m and percent G+C, 
the presence of nearly 50% of the 
primer as homopolymer and the pres- 
ence of very strong secondary priming 
sites, characteristics considered by 
most respondents to be the critical for 
sequencing primers. This study con- 
firms earlier observations (3) that there 
is a broad tolerance in these and other 
characteristics of sequencing primers. 
Other factors, such as template purity 
or quality or technical expertise, possi- 
bly play greater roles. In this study, the 
plasmid template was selected for ab- 
sence of sequence extension obstacles 
and purified by double banding in 
CsCl-ethidium bromide isopyenic den- 
sity gradients. Therefore, this template 
was extremely pure and optimal for se- 
quencing. The primers were similarly 
highly purified. The reactions were per- 
formed in a single high-throughput 
sequencing facility under tightly 
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controlled conditions. Different results 
may be obtained using less carefully 
purified DNA templates with unusual 
sequences or structures or in less rigor- 
ously controlled sequencing operations. 

Finally, the data generated using old 
rhodamine reagents was, in general, 
poorer in quality than that generated us- 
ing the dRhodamine reagents. More- 
over, the expected trends in comparing 
sequence performance and primer char- 
acteristics were more prominently ob- 
served using the old rhodamine 
reagents. We believe it possible, if not 
likely, that the greater uniformity in 
peak height generated by the newer se- 
quencing reagents (19) is at least par- 
tially responsible for this difference. 
Thus, background peaks are less likely 
to interfere with base calling, lessening 
the overall effects of potential problems 
like secondary priming and stutter. 
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ABSTRACT 

Rapid cycle DNA amplification was con- 
tinuously monitored by three different fluo- 
rescence techniques. Fluorescence was 
monitored by (i) the double-strand-specific 
dye SYBR® Green I, (ii) a decrease in fluo- 
rescein quenching by rhodamine after ex- 
onuclease cleavage of a dual-labeled hy- 
drolysis probe and (iii) resonance energy 
transfer of fluorescein to Cy5™by adjacent 
hybridization probes. Fluorescence data ac- 
quired once per cycle provides rapid ab- 
solute quantification of initial template 
copy number. The sensitivity ofSYBR Green 
I detection is limited by nonspecific product 
formation. Use of a single exonuclease 
hydrolysis probe or two adjacent hybridiza- 
tion probes offers increasing levels of speci- 
ficity. In contrast to fluorescence measure- 
ment once per cycle, continuous monitoring 
throughout each cycle monitors the temper- 
ature dependence of fluorescence. The cu- 
mulative, irreversible signal of hydrolysis 
probes can be distinguished easily from the 
temperature-dependent, reversible signal of 
hybridization probes. By using SYBR Green 
/, product denaturation, annealing and ex- 
tension can be followed within each cycle. 
Substantial product-to-product annealing 
occurs during later amplification cycles, 
suggesting that product annealing is a ma- 
jor cause of the plateau effect. Continuous 
within-cycle monitoring allows rapid opti- 
mization of amplification conditions and 
should be particularly useful in developing 
new, standardized clinical assays. 
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INTRODUCTION 

Fluorescent probes can be used to 
detect and monitor in vitro DNA ampli- 
fication (14). Useful probes include 
double-stranded DNA (dsDNA)-specif- 
ic dyes and sequence-specific probes. 
With the intercalater ethidium bromide 
and ultraviolet illumination, red fluo- 
rescence increases after amplification 
in microcentrifuge tubes (3) or capillar- 
ies (22). Sequence-specific fluores- 
cence detection is possible with 
oligonucleotide probes. For example, 
dual-labeled fluorescein/rhodamine 
probes may be cleaved during poly- 
merase extension by 5 '-exonuclease ac- 
tivity, separating the fluorophores and 
increasing the fluorescein/rhodamine 
fluorescence ratio (5,8,9). Alternately, 
"molecular beacons" have been de- 
scribed with a fluorogenic conforma- 
tional change when hybridized to their 
targets (7). 

Fluorescence can be measured after 
temperature cycling is complete, once 
per cycle as a monitor of product accu- 
mulation or continuously within each 
cycle. Sequence-specific methods (7- 
9) have been limited in the past to end- 
point analysis. The potential of once- 
per-cycle monitoring for quantification 
of initial template copy number was 
first suggested and developed by 
Higuchi et al. using ethidium bromide 
(3,4). Fluorescence is acquired during 
the extension or combined annealing/ 
extension phase of each cycle and is re- 
lated to product concentration. A quan- 
titative assay for hepatitis C RNA using 
the intercalater YO-PRO-l™ has been 
reported (6). To date, continuous moni- 
toring of fluorescence within each cy- 
cle has found little use. Higuchi et al. 
continuously monitored amplification 
during 4-min temperature cycles using 
a 10-s integration time (3). An inverse 



correlation of ethidium fluorescence to 
temperature was noted, with product 
accumulation resulting in increased 
fluorescence during annealing/exten- 
sion. 

If fluorescence is continuously mon- 
itored within each temperature cycle, 
the hybridization of amplification prod- 
ucts and probes can be followed during 
amplification. With dsDNA dyes, prod- 
uct denaturation and reannealing can be 
monitored. With probes that change 
fluorescence upon hybridization, probe 
melting temperatures can be deter- 
mined. With rapid, homogeneous con- 
trol of sample temperature, the kinetics 
of hybridization can be followed. We 
have previously used capillaries and 
forced-air heating for precise tempera- 
ture control that allows 30 cycles in less 
than 15 min (18-22). By minimizing 
denaturation and annealing times, the 
specificity and yield of such "rapid cy- 
cle" amplifications are also improved 
( 2, 1 2, 1 5, 1 6,20-22). In addition to facil- 
itating rapid heat transfer, glass capil- 
laries are optically clear and make nat- 
ural cuvettes for fluorescence analysis. 

Three different fluorescence tech- 
niques for following rapid cycle DNA 
amplification are studied here using in- 
strumentation described elsewhere 
(23). Instead of ethidium bromide, 
SYBR® Green I is used as a dsDNA- 
specific dye. A 5'-exonuclease probe is 
then compared to SYBR Green I moni- 
toring. Finally, a novel fluorescence 
scheme based on adjacent hybridiza- 
tion probes with resonance energy 
transfer from fluorescein to the cyanine 
dye Cy5™ ( 1 1 ) is demonstrated. Once- 
per-cyclc monitoring of multiple sam- 
ples is a powerful quantitative tool. 
Continuous monitoring within the tem- 
perature cycles of DNA amplification 
can reveal the mechanism of probe flu- 
orescence, rapidly optimize tempera- 
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ture/time conditions and potentially 
even control temperature cycling para- 
meters. The melting and annealing of 
products and probes can be followed 
during amplification. 

MATERIALS AND METHODS 

DNA amplification was performed 
in 50 mM Tris-HCl, pH 8.5 (25°C), 3 
mM MgCI 2 , 500 ^lg/mL bovine serum 
albumin, 0.5 u:M of each primer, 0.2 
mM of each deoxyribonucleoside tri- 
phosphate and 0.2 U of Taq DNA poly- 
merase per 5-uX sample, unless other- 
wise stated. Human genomic DNA 
(denatured for 1 min by boiling) or pu- 
rified amplification product was used 
as DNA template. Purified amplifica- 
tion product was obtained by phenol 
/chloroform extraction and ethanol pre- 



cipitation (17), followed by removal of 
primers by repeated washing through a 
Centricon® 30 microconcentrator ( Am- 
icon, Beverly, MA, USA). Template 
concentrations were determined by ab- 
sorbance at 260 nm. ^260^*280 ratios of 
templates were greater than 1.7. 

Primers were synthesized by stan- 
dard phosphoramidite chemistry (Gene 
Assembler® Plus; Pharmacia Biotech, 
Piscataway, NJ, USA). SYBR Green I 
was obtained from Molecular Probes 
(Eugene, OR, USA). The [J-actin pri- 
mers and fluorescein/rhodamine dual 
probe were obtained from Perkin- 
Elmer (Norwalk, CT, USA). The hu- 
man p-globin primers RS42/KM29 
(536 bp) and PC03/PC04 (1 10 bp) have 
been described previously (19). The 
single-labeled probes 5'-CAAACAG- 
ACACCATGGTGCACCTGACTCC- 
TGAGGA-fluorescein-3' and 5'-Cy5- 



AAGTCTGCCGTTACTGCCCTGTG- 
GGGCAAG-phosphate-3' were syn- 
thesized using a fluorescein phospho- 
ramidite (Glen Research, Sterling, VA, 
USA), a Cy5™ phosphoramidite (Phar- 
macia Biotech) and a chemical phos- 
phorylation reagent (Glen Research). 
These adjacent probes hybridize inter- 
nal to the PC03/PC04 p-globin primer 
pair on the same DNA strand and are 
separated by one base pair. Probes were 
purified by reverse-phase C-18 high- 
pressure liquid chromatography, and 
homogeneity was checked by polyacry- 
lamide gel electrophoresis and absor- 
bance (A 1(s $ and the absorbance maxi- 
mum of the fluorophore). The P-actin 
hydrolysis probe and the P-globin hy- 
bridization probes were used at 0.2 jiM 
each. Figure 1 schematically compares 
the differences between the three fluo- 
rescence monitoring techniques: ds- 
DNA-specific dyes, hydrolysis probes 
and hybridization probes. 

Amplification samples of 5 \\L were 
loaded into glass capillary tubes (1.02 
mm o.d., 0.56 mm i.d.) and sealed. The 
tubes were cleaned with optical-grade 
methanol and then loaded into the 
carousel of a fluorescence temperature 
cycler described elsewhere (23). For 
continuous monitoring of a single sam- 
ple, the carousel was positioned at 
maximal fluorescence and signals ac- 
quired every 200 ms. For multiple 
tubes, signals were obtained once each 
cycle by sequentially positioning the 
carousel at each tube for 100 ms. 



RESULTS 

Figure 1 illustrates the three differ- 
ent fluorescence techniques used for 
continuous monitoring of DNA ampli- 
fication. Figures 2, 3 and 4 demonstrate 
the application of these techniques for 
initial template quantification by fluo- 
rescence monitoring once each cycle. 
In Figure 2, the fluorescence of the ds- 
DNA-specific dye SYBR Green I is 
followed. A 10 7 -10 8 range of initial 
template concentration can be dis- 
cerned. When the data are normalized 
as the percent maximal fluorescence of 
each tube, 100 initial copies are clearly 
separated from 10 copies. However, the 
difference between 1 and 10 copies is 
marginal, and no difference is observed 
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Figure 1. Schematic diagram comparing three different fluorescence-monitoring systems for DNA 
amplification. System A uses dsDNA-specific dyes (F) such as SYBR Green I, which increase in fluo- 
rescence when bound to accumulating amplification product. System B uses dual- labeled probes (8.9) 
and depends on the 5'-exonuclease activity of the polymerase to separate donor (D) and acceptor (A) by 
hydrolysis. Donor fluorescence is increased by removing acceptor quenching. System C depends on the 
independent hybridization of adjacent donor (D) and acceptor (A) probes. Their approximation increases 
resonance energy transfer from the donor to the acceptor. Other symbols are "hu" for excitation light and 
V for a 3'-phosphate. 



Vol. 22, No. I (1997) 



BioTechniques 1 3 1 



BioFeature 



between 0 and 1 average copies per 
tube. Nonspecific detection of unde- 
sired products after many cycles is a 
limitation of fluorescence monitoring 
of dsDNA. 

Specific fluorescence monitoring 
can be obtained with sequence-specific 
fluorescent probes. In Figure 3, ampli- 
fication is monitored using a dual-la- 
beled hydrolysis probe. The fluores- 
cence signal is expressed as a ratio of 
fluorescein to rhodamine fluorescence. 
Signal generation with 5'-exonuclease 
probes is dependent not only on DNA 
synthesis, but requires hybridization 
and hydrolysis between the fluo- 
rophores of the dual-labeled probe. Hy- 
drolysis reduces quenching of fluores- 
cein, and the fluorescence ratio of 
fluorescein-to-rhodamine emission in- 
creases. Whereas the fluorescence from 
dsDNA-specific dyes plateaus with ex- 
cess cycling, the signal from hydrolysis 
probes continues to increase after many 
cycles. Even though no net product is 
being synthesized, probe hybridization 
and hydrolysis continue to occur. In 
contrast to dsDNA dyes, no fluores- 
cence signal is generated in the absence 
of template. 

In Figure 4, amplification is moni- 
tored using adjacent hybridization 
probes and is expressed as a ratio of 
Cy5 to fluorescein fluorescence. One of 
the probes is labeled 3' with fluores- 
cein, and the other probe is labeled 5' 
with Cy5. When hybridized to accumu- 
lating product, the probes are separated 
by a 1-bp gap, and the Cy5-to-fluores- 
cein fluorescence ratio increases. The 
change in fluorescence ratio during hy- 
bridization is largely due to an increase 
in Cy5 fluorescence from resonance 
energy transfer (data not shown). In 
contrast to hydrolysis probes, the fluo- 
rescence signal of hybridization probes 
tends to decrease with excessive cy- 
cling. No fluorescence signal is gener- 
ated in the absence of template. 

Sequence-specific probes have an 
even greater dynamic range for tem- 
plate quantification than do dsDNA 
dyes. As the template copy number de- 
creases below 10 3 , signal intensity de- 
creases because specific amplification 
efficiency decreases, but low copy 
numbers can still be quantified because 
the negative control signal is stable 
(Figures 3 and 4). Although multiple 



samples would need to be run to con- 
firm Poisson statistics, it appears that 
these specific techniques can discrimi- 
nate a single initial template copy from 
negative controls (compare 0 and 1 av- 
erage initial template copies in Figures 



3 and 4). 

With each technique, the fluores- 
cence response is not strictly propor- 
tional to the amount of specific prod- 
uct. With SYBR Green I, two factors 
contribute to this nonlinearity. First, 
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Figure 2. Fluorescence vs. cycle number plot of DNA amplification monitored with the dsDNA-spe- 
cific dye SYBR Green I. A 536-bp fragment of the human p-globin gene was amplified from 10 9 (♦), 
108 ( x), 107(0), 106(B), 10*(+), 10 4 (D), 103(«), 102(*), 10(6), 1 (▲) and 0 ( — ) average template 
copies in the presence of a 1:10000 dilution of SYBR Green I. Each temperature cycle was 28 s long 
(95°C maximum, 61°C minimum, 15 s at 72°C, average rate between temperatures 5.2°C/s) and 45 cy- 
cles were completed in 21 min. All samples were amplified simultaneously and monitored for 100 ms 
between seconds 5 and 10 of the extension phase. The data are normalized as a percentage of the differ- 
ence between minimum and maximum values for each tube (y-axis). 
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Figure 3. Fluorescence ratio (fluorescein/rhodamine) vs. cycle number plot of DNA amplification 
monitored with a dual-labeled 5'-exonuclease hydrolysis probe. A 295-bp fragment of the human (5- 
actin gene was amplified from 10 9 (#). 10 8 (X), 10 7 ( 10 6 <B), 10 5 <+), 10 4 (D), 10 3 («), lO 2 **), 10 
(O), 1 (A) and 0 ( — ) average template copies in the presence of 0.2 uM of the hydrolysis probe. Each 
temperature cycle was 26 s long (94°C maximum, 60°C for 15 s, average rate between temperatures 
6.2°C/s) and 45 cycles were completed in under 20 min. All samples were amplified simultaneously and 
monitored for 100 ms between seconds 5 and 10 of the annealing/extension phase. 
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nonspecific amplification of alternative 
templates results in fluorescence unre- 
lated to specific product, particularly 
after many cycles (Figure 2). In addi- 
tion, when the fluorescence of purified 
DNA standards is measured, the re- 
sponse is only linear to 10-20 ng of 
DNA per 5-u.L reaction under the con- 
ditions used (data not shown). Higher 
concentrations of DNA show propor- 



tionally less fluorescence, presumably 
because the amount of SYBR Green I 
becomes limiting. Higher concentra- 
tions of SYBR Green 1 than those used 
here (<1:7000 dilution) inhibit amplifi- 
cation (data not shown). With hydroly- 
sis probes, the fluorescence signal con- 
tinues to increase after the plateau 
phase has been reached (Figure 3). 
With hybridization probes, the fluores- 



cence decreases during the plateau 
phase (Figure 4). Despite the nonlinear- 
ity of these fluorescence techniques, 
they are very useful for absolute quan- 
tification of initial template copy num- 
ber when fluorescence is measured for 
each amplification cycle (Figures 2-4). 

Because fluorescence depends on 
temperature, fluorescence is usually ac- 
quired only once per cycle at a constant 
temperature to monitor product yield. 
This eliminates any confounding effect 
of temperature on fluorescence. How- 
ever, interesting and useful information 
about hybridization can be obtained by 
monitoring fluorescence continuously 
throughout each temperature cycle. For 
example, fluorescence vs. temperature 
plots of amplification with SYBR 
Green I show the temperature depen- 
dence of strand status during DNA am- 
plification (Figure 5). Early cycles ap- 
pear identical, with a nonlinear increase 
in fluorescence at lower temperatures. 
As amplification proceeds, later cycles 
appear as rising loops between anneal- 
ing and denaturation temperatures that 
show significant hysteresis. By hystere- 
sis, we mean that the observed fluores- 
cence during heating is greater than that 
during cooling. As the sample is heat- 
ed, fluorescence is high until denatura- 
tion occurs (apparent as a sharp drop in 
fluorescence). As the sample cools 
from denaturation to annealing temper- 
atures, fluorescence increases rapidly, 
apparently reflecting product-to-prod- 
uct annealing. Fluorescence also in- 
creases during extension while the tem- 
perature is held constant. 

Fluorescence vs. temperature plots 
of 5'-exonuclease probes confirm that 
probe hydrolysis (not hybridization) is 
the mechanism of signal generation. In 
Figure 6, a fluorescence vs. tempera- 
ture plot is shown for amplification 
with the P-actin exonuclease probe. 
During each cycle, the fluorescence ra- 
tio varies linearly with temperature and 
there is little, if any, hysteresis. Al- 
though the fluorescence of both fluo- 
rescein and rhodamine decreases with 
increasing temperature (data not 
shown), the rate of change is greater for 
rhodamine, resulting in an increasing 
ratio with increasing temperature. The 
fluorescence ratio increases during the 
annealing/extension phase at a constant 
temperature when probe hydrolysis is 
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Figure 4. Fluorescence ratio (Cy5/fluorescein) vs. cycle number plot of DNA amplification moni- 
tored with 3'-fluorescein and 5'-Cy5 adjacent hybridization probes. A 1 10-bp fragment of the human 
(5-globin gene was amplified from 10 9 (^), 10 8 (X), 10 7 (O), 106(B), 104(D), 10 3 («), 

1 0 (O), I (A) and 0 ( — ) average template copies in the presence of 0.2 uM of each hybridization probe. 
Each temperature cycle was 30 s long (94°C maximum, 59°C for 20 s. average rate between tempera- 
tures 7.0°C/s) and 45 cycles were completed in under 23 min. All samples were amplified simultaneous- 
ly and monitored for 100 ms between seconds 12 and 1 7 of the annealing/extension phase. 
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Figure 5. Continuous fluorescence vs. temperature plot of DNA amplification with the dsDNA-spe- 
cific dye SYBR Green I. A 536-bp fragment of the human (3-globin gene was amplified from 25 ng of 
genomic DNA and a 1:10000 dilution of SYBR Green I. Temperature cycling conditions are given in 
Figure 2. Cycles 15-40 are shown. Product denaturation is evident between 90° and 93°C, and significant 
product-to-product annealing is observed during cooling. 
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presumed to occur. In contrast, with ad- 
jacent hybridization probes, the fluo- 
rescence signal is dependent only on 
hybridization, not hydrolysis. Fluores- 
cence vs. temperature plots of amplifi- 
cation with hybridization probes show 
obvious hysteresis (Figure 7). During 
heating to product denaturation temper- 
atures, the probes appear to dissociate 
between 65° and 75°C, returning the 
fluorescence ratio to background levels. 
These temperature-dependent hybrid- 
ization effects are not apparent with the 
5'-exonuclease probe (Figure 6). 



DISCUSSION 

Three different chemistries for fluo- 
rescent monitoring of DNA amplifica- 
tion have been studied: a dsDNA-spe- 
cific dye, a dual-labeled exonuclease 
hydrolysis probe and adjacent hybri- 
dization probes. The hydrolysis and 
hybridization probes are sequence spe- 
cific. Hydrolysis probes require one hy- 
bridization event for signal generation, 
whereas hybridization probes require 
two independent hybridizations. Figure 
2 schematically compares and contrasts 
the three fluorescence monitoring 
systems. 

dsDNA-specific dyes such as ethidi- 
um bromide (3,4,22) or SYBR Green I 
can be used as generic indicators of am- 
plification. We used SYBR Green I in- 
stead of ethidium bromide because it 
has an excitation maximum near fluo- 
rescein and, in our hands, gave a 
stronger signal with DNA than excita- 
tion of ethidium bromide with visible 
light. These dyes depend on the speci- 
ficity inherent in the amplification pri- 
mers. Currently, nonspecific amplifica- 
tion after many cycles limits detection 
sensitivity to about 100 initial template 
copies (Figure 2, see also Reference 4). 
Improvements in amplification speci- 
ficity could remove this limitation. 

When low-copy-number detection 
and quantification are needed, addition- 
al specificity can be provided by se- 
quence-specific fluorescent probes. 
Hydrolysis of a dual-labeled exonucle- 
ase probe is sequence specific (8,9). 
However, the design, synthesis and pu- 
rification of dual-labeled hydrolysis 
probes require care. Hybridization is a 
necessary but not sufficient condition 



for hydrolysis; all probes are not 
cleaved efficiently. Synthesis of the 
dual-labeled probes involves manual 
addition of the rhodamine label, and at 
least one stage of high-pressure liquid 
chromatography is required for purifi- 
cation. In addition, the signal generated 



by exonuclease probes is cumulative 
and only indirectly related to product 
concentration. Hence, the fluorescence 
signal continues to increase even after 
the amount of product has reached a 
plateau (Figures 3 and 6). 

Instead of depending on hydrolysis 
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Figure 6. Continuous fluorescence (fluorescein/rhodamine) vs. temperature plot of DNA amplifi- 
cation monitored with a dual-labeled 5 '-exonuclease hydrolysis probe. A 295-bp fragment of the hu- 
man |}-actin gene was amplified from 25 ng of genomic DNA. Temperature cycling conditions are given 
in Figure 3. Cycles 2(M5 are shown. The dependence of fluorescence on temperature is linear each cy- 
cle, and no hybridization effect is apparent. 
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Figure 7. Continuous fluorescence (Cy5/fluorescein) vs. temperature plot of DNA amplification 
monitored with adjacent hybridization probes. A 1 10-bp fragment of the human p-globin gene was 
amplified from 25 ng of genomic DNA. Temperature cycling conditions are given in Figure 4. Cycles 
20-40 are shown. The hybridization probes appear to melt off the target DNA sequence each cycle be- 
tween 65° and 75°C. 
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of a dual-labeled probe, hybridization 
can be detected directly through reso- 
nance energy transfer as outlined by 
Morrison (10). By using two adjacent 
probes labeled separately with fluores- 
cein and Cy5, energy transfer to Cy5 
increases with product accumulation 
(Figures 4 and 7). In contrast to exonu- 
clease probes, probe synthesis is rela- 
tively simple because amidites for both 
fluorescein and Cy5 are available for 
direct incorporation during automated 
synthesis. Signal generation requires 
two independent hybridization events 
to occur each cycle and is more directly 
related to product concentration than 
cumulative hydrolysis probes. How- 
ever, after many cycles, the fluores- 
cence from hybridization probes de- 
creases (Figure 4), possibly because of 
probe consumption by exonuclease 
hydrolysis. 

We are not aware of prior reports 
using fluorescein and Cy5 as a reso- 
nance energy transfer pair, although 
phycoerythrin and Cy7™ (Amersham 
International, Little Chalfont, Bucks, 
England, UK) (with similar spectral 
separation) have been used as a bright 
tandem dye in immunofluorescence 
(13). With fluorescein and Cy5, the 
spectral overlap is small, but the molar 
absorption coefficient and absorption 
wavelengths of Cy5 are high. All three 
factors (overlap, absorptivity and wave- 
length) contribute to the overlap inte- 
gral that determines energy transfer 
rates (24). Cy5 also has low absorbance 
at fluorescein excitation wavelengths 
(11), reducing direct excitation of the 
acceptor. 

Many aspects of hydrolysis and hy- 
bridization probes remain to be studied. 
The effects of probe length, melting 
temperature and concentration, dis- 
tance between hybridization probes, 
distance to primers, temperature pro- 
files, acquisition point within a cycle 
and type of polymerase have not been 
systematically optimized. 

DNA amplification is extensively 
used but not rigorously understood. 
Continuous fluorescence monitoring 
provides an instantaneous window into 
the amplification process. For example, 
product denaturation occurs in less than 
1 s (20,22), yet most protocols call for 
10 s to 1 min of denaturation. By moni- 
toring with dsDNA-specific dyes, prod- 



uct denaturation can be observed dur- 
ing each amplification cycle (Figure 5), 
a convincing demonstration that most 
denaturation protocols are excessive. 
To give another example, many causes 
of the "plateau effect" have been pro- 
posed, but little data are available to 
distinguish between alternatives. Fig- 
ure 5 shows that product-to-product an- 
nealing is very rapid. In fact, during lat- 
er cycles of amplification, a majority of 
product anneals to itself each cycle dur- 
ing cooling before the primer annealing 
temperature has been reached. This 
rapid reannealing is observed with 
cooling rates of 5°-10°C/s, characteris- 
tic of rapid cycling. Product reanneal- 
ing with slower, conventional tempera- 
ture cyclers would be greater. 
Product-to-product annealing appears 
to be a major, and perhaps the sole, 
cause of the "plateau effect". 

As previously suggested (22), con- 
tinuous fluorescence monitoring within 
each temperature cycle can be used to 
control temperature cycling parame- 
ters. With dsDNA-specific dyes, ampli- 
fication can be stopped after a certain 
amount of product is synthesized, thus 
avoiding overamplification of alterna- 
tive templates. The extension phase of 
each cycle needs to be continued only 
as long as fluorescence increases. Prod- 
uct denaturation can be assured each 
cycle by increasing the temperature un- 
til the fluorescence reaches baseline. 
This kind of fluorescence feedback 
should allow very rapid optimization of 
new assays. Limiting the time that 
product is exposed to denaturation tem- 
peratures may also be useful for the 
amplification of long products ( 1 ,2). 

Additional uses of continuous moni- 
toring with fluorescent dyes can be en- 
visioned. For example, with fine tem- 
perature control and dsDNA-specific 
dyes, product purity could be estimated 
by melting curves. With rapid tempera- 
ture control, absolute product concen- 
tration could be determined by product- 
to-product annealing kinetics. The only 
requirements are fluorescence monitor- 
ing, the ability to change temperatures 
rapidly and strict intra-sample tempera- 
ture homogeneity. Aspects of instru- 
ment design are discussed elsewhere 
(23). 

Conventional end-point analysis of 
DNA amplification by gel electro- 
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phoresis identifies product size and es- 
timates purity. However, because am- 
plification is at first stochastic, then ex- 
ponential, and finally stagnant, the 
utility of end-point analysis is limited 
for quantification. Fluorescence moni- 
toring every cycle during DNA amplifi- 
cation is an extraordinarily powerful 
technique for quantification. With sim- 
ple instrumentation and fluorescent 
monitoring each cycle, sequence-spe- 
cific detection and quantification can 
be achieved in 5-20 min after tempera- 
ture cycling has begun. Although the fi- 
nal fluorescence signal is decreased 
when low copy numbers are amplified, 
quantification between 0 and 1000 ini- 
tial template copies appears possible 
(Figures 3 and 4). These techniques 
should be particularly useful in assays 
where rapid quantification is desired, 
such as in the amplification of clinical 
serum viruses. 
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Utilization of the rpoB Gene as a Specific Chromosomal Marker 
for Real-Time PCR Detection of Bacillus anthracis 
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The potential use of Bacillus anthracis as a weapon of mass destruction poses a threat to humans, domes- 
ticated animals, and wildlife and necessitates the need for a rapid and highly specific detection assay. We have 
developed a real-time PCR-based assay for the specific detection of B. anthracis by taking advantage of the 
unique nucleotide sequence of the B. anthracis rpoB gene. Variable region 1 of the rpoB gene was sequenced 
from 36 Bacillus strains, including 16 B. anthracis strains and 20 other related bacilli, and four nucleotides 
specific for B. anthracis were identified. PCR primers were selected so that two B. anthracis -specific nucleotides 
were at their 3' ends, whereas the remaining bases were specific to the probe region. This format permitted the 
PCR reactions to be performed on a LightCycler via fluorescence resonance energy transfer (FRET). The assay 
was found to be specific for 144 B. anthracis strains from different geographical locations and did not 
cross-react with other related bacilli (175 strains), with the exception of one strain. The PCR assay can be 
performed on isolated DNA as well as crude vegetative cell lysates in less than 1 h. Therefore, the r/wfl-FRET 
assay could be used as a new chromosomal marker for rapid detection of B. anthracis. 



Bacillus anthracis is a causal agent of anthrax, a serious and 
often fatal infection of livestock and humans. It is considered 
one of the most effective biological weapons of mass destruc- 
tion because of its highly pathogenic nature and spore-forming 
capability and has attracted attention due to its potential use as 
a biological warfare agent (2). This bacterium can infect hu- 
mans by cutaneous, gastrointestinal, or respiratory routes. The 
standard laboratory method of identification takes advantage 
of the lytic nature of the B. anthracis -specific gamma bacterio- 
phage (9). Anthrax bacilli are often distinguished on the basis 
of time-consuming morphological or phenotypic characteris- 
tics, such as gram-positive staining, spore-forming capability, 
nonhemolytic reaction on sheep blood agar, sensitivity to pen- 
icillin, nonmotile nature, and inability to ferment salicin (11). 
B. anthracis is distinguished from the other members of the 
closely related Bacillus cereus group of bacteria by the presence 
of the toxin-encoding pXOl (19, 24) and capsule-encoding 
pX02 plasmids (14, 23, 34). Both plasmids are needed for 
virulence; thus, the absence of either plasmid results in atten- 
uation. 

B. anthracis, Bacillus thuringiensis, B. cereus, and Bacillus 
mycoides, are members of the B. cereus group of bacilli. These 
closely related bacteria are pathogens of mammals (B. anthra- 
cis and B. cereus) and insects (B. thuringiensis). The B. cereus 
group is one of the most taxonomically ambiguous group of 
bacilli (27). In fact, DNA-DNA hybridization (30) and pulsed- 
field gel electrophoresis (15) have shown great homology 
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among B. anthracis, B. thuringiensis, and B. cereus. A recent 
multilocus enzyme electrophoresis study has concluded that 
the members of this group belong to one species (16). 

Although specific assays are available for the detection of 
pathogenicity-related plasmids (18, 28), chromosomal markers 
in conjuction with plasmid markers should be used for com- 
plete genotyping of B. anthracis strains. Such a combined ap- 
proach will provide insight into the chromosomal backbone or 
genetic background and indicate the pathogenic nature of the 
strain. Plasmids are more unstable than chromosomal DNA, 
and isolates lacking either or both plasmids have been found to 
exist in nature (33). Also, pX02 has been successfully trans- 
ferred into other bacilli, and toxin genes, such as lef and cya, 
have been expressed in heterologous systems (4, 5, 20). Thus, 
naturally occurring as well as genetically modified B. anthracis 
strains cannot be characterized without ambiguity. Moreover, 
chromosomal markers arc stable targets for detection and are 
important for accurate identification of B. anthracis in out- 
breaks (26) as well as during the analysis of ancient samples (C. 
Redmond, M. J. Pearce, R. J. Manchee, and B. P. Berdal, 
Letter, Nature 393:747-748). 

Several chromosomal markers are currently available for B. 
anthracis detection, such as the vrrA gene (1, 17), Ba813 
marker (25), and SG-850 marker (10). These marker assays 
suffer from being time consuming or labor intensive or having 
limited specificity. For instance, the SG-850 assay involves 
PCR amplification of the SG-749 locus, followed by enzymatic 
digestion with Alul and gel analysis. The vrrA marker can 
group B. anthracis isolates into several categories based on the 
number of repeat units of this sequence, which requires post- 
PCR analysis (17). Recently some B. cereus and B. thuringiensis 
isolates have been found to contain the Ba813 marker (26); 
hence its use as a B. anthracis -specific target is questionable 
(29). The 16S rRNA gene also does not provide sufficient 
polymorphism to differentiate B, anthracis from closely related 
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TABLE I. B. anthracis strains used in the /poB-FRET PCR assays 



Strain 


pXOl" 


pX02- 


Origin 


Strain 


pXOl- 




Origin 


7700 


- 


- 


Africa 


A66 


+ 


+ 


Europe 


7702 


+ 


- 


Africa 


A67 


+ 




Europe 


Sterne 


+ 


- 


Africa 


A68 


+ 


+ 


Europe 


ACI 






S. America 


A69 


+ 


+ 


Europe 


AC2 


+ 


- 


S. America 


A72 


+ 


+ 


Europe 


AC3 


+ 


+ 


S. America 


A73 


- 


+ 


Europe 


Texas 0077 


+ 


— 


N. America 


A74 


- 


- 


Europe 
Asia 


Ames 


+ 


+ 


N. America 


001 


+ 


+ 


A Ames 


- 


- 


N. America 


002 


+ 


+ 


Asia 


Vollum 


+ 


+ 


Europe 


044 


+ 


- 


Asia 


4229 


- 




Europe 


103 


+ 


+ 


Asia 


RA3 


+ 




Europe 


104 




+ 


Asia 


RA3R 


+ 


- 


Europe 


105 


+ 


+ 


Asia 


RA4 


+ 


+ 


Europe 


108 


+ 


+ 


Asia 


7611 


+ 


+ 


Europe 


116 


+ 


+ 


Asia 


7611R 


+ 


- 


Europe 


125 


+ 


- 


Asia 


10517 


+ 


+ 


Europe 


126 


+ 


+ 


Asia 


6183 


+ 


+ 


Europe 


128 


+ 


- 


Asia 


6042 


+ 


+ 


Europe 


129 


+ 


+ 


Asia 


BC 575 


+ 


+ 


Europe 


136 


+ 


+ 


Asia 


9066 


+ 


+ 


Europe 


137 


+ 


+ 


Asia 


7193 


+ 


+ 


Europe 


139 




+ 


Asia 


6681 


+ 


+ 


Europe . 


140 


+ 


+ 


Asia 


8403 


+ 


+ 


Europe 


141 


+ 


+ 


Asia 


9240 


+ 


+ 


Europe 


142 




- 


Asia 


8490 


+ 


+ 


Europe 


143 


+ 


- 


Asia 


6291 




+ 


Europe 


144 


+ 


+ 


Asia 


A3 


- 


+ 


Europe 


145 


+ 




Asia 


A4 


- 


+ 


Europe 


146 


+ 


+ 


Asia 


A5 




+ 


Europe 


147 




+ 


Asia 


A6 


- 


+ 


Europe 


148 




+ 


Asia 


A7 


+ 


+ 


Europe 


149 


+ 


+ 


Asia 


A8 


+ 


+ 


Europe 


150 


+ 




Asia 


A9 


+ 




Europe 


151 




+ 


Asia 


A10 


+ 


+ 


Europe 


152 


+ 


+ 


Asia 


All 


+ 


+ 


Europe 


153 


+ 


+ 


Asia 


A12 


+ 


+ 


Europe 


154 


+ 


+ 


Asia 


A16 


+ 


+ 


Europe 


155 


+ 


+ 


Asia 


AI8 


- 


+ 


Europe 


156 


+ 


+ 


Asia 


A19 


- 


+ 


Europe 


157 


+ 


+ 


Asia 


A22 


+ 


+ 


Europe 


158 


+ 




Asia 


A23 


- 


+ 


Europe 


159 


+ 


+ 


Asia 


A24 


+ 


+ 


Europe 


160 


+ 


+ 


Asia 


A25 


+ 


+ 


Europe 


161 


+ 


+ 


Asia 


A28 


+ 


+ 


Europe 


162 


+ 


+ 


Asia 


A29 


+ 


+ 


Europe 


163 


+ 




Asia 


A30 


+ 


+ 


Europe 


164 


+ 


- 


Asia 


A32 


+ 


+ 


Europe 


165 


+ 


+ 


Asia 


A33 


+ 




Europe 


166 


+ 


+ 


Asia 


A34 


+ 


+ 


Europe 


167 


+ 


+ 


Asia 


A35 


+ 


+ 


Europe 


168 


+ 


+ 


Asia 


A36 


+ 


+ 


Europe 


169 


+ 


+ 


Asia 


A37 


+ 


+ 


Europe 


170 


+ 


+ 


Asia 


A38 


+ 


+ 


Europe 


171 


+ 


+ 


Asia 


A39 




+ 


Europe 


172 


+ 


+ ■ 


Asia 


A40 




+ 


Europe 


173 


+ 


+ 


Asia 


A41 


+ 


+ 


Europe 


174 




+ 


Asia 


A42 


+ 


+ 


Europe 


175 


+ 


+ 


Asia 


A43 


+ 




Europe 


176 


+ 


+ 


Asia 


A44 


+ 


+ 


Europe 


177 




+ 


Asia 


A45 


+ 


+ 


Europe 


178 


+ 


+ 


Asia 


A46 


- 


+ 


Europe 


179 


+ 


+ 


Asia 


A47 


+ 


+ 


Europe 


180 


+ 


+ 


Asia 


A49 


+ 


+ 


Europe 


181 


+ 


+ 


Asia 


A58 






Europe 


182 






Asia 


A59 


+ 


+ 


Europe 


183 


+ 


+ 


Asia 


A60 






Europe 


Bal07 


+ 




ND 


A61 


+ 


+ 


Europe 


AUM-2311 






ND 


A62 


+ 


+ 


Europe 


AANR-1099 






ND 


A63 




+ 


Europe 


1014 




+ 


ND 


A64 


+ 


+ 


Europe 


ACB 






ND 


A65 


+ 




Europe 


0074 


+ 




ND 



° Plasmids were detected by PCR (28). +, delected; not detected; ND. no data. 
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TABLE 2. rpoB Bacillus species sequences analyzed in this study 



Bacillus species 


Mirtln iu 


p AW 1 




Derivation or location 


Accession no. 


B. anthracis 


Vollum 


_ 


+ 


Europe 


AF205319 


B. anthracis 


Ames 


+ 


+ 


N. America 


AF205320 


B. anthracis 


A Ames 


_ 


_ 


N. America 


AF205321 


B. anthracis 


AUM-2311 


— 




Unknown 


AF205322 


B. anthracis 


Sterne 


+ 


_ 


Africa 


AF205323 


B. anthracis 


Texas 0077 


+ 


_ 


N. America 


AF205324 


B. anthracis 


001 


+ 


+ 


Asia 


AF205325 


B. anthracis 


002 


+ 


+ 


Asia 


AF205326 


B. anthracis 


044 


+ 


_ 


Asia 


AF205327 


B. anthracis 


A58 


_ 


_ 


Europe 


AF205328 


B. anthracis 


A74 


_ 


_ 


Europe 


AF205329 


B. anthracis 


A7 


+ 


+ 


Europe 


AF205330 


B. anthracis 


ACI 


+ 




S. America 


AF205331 


B. anthracis 


7193 


+ 


+ 


Europe 


AF205333 


B. anthracis 


8403 


+ 


+ 


Europe 


AF205334 


B. anthracis 


RA3 




+ 


Europe 


AF205335 


B. cereus 


14579 






ATCC* 14579 


AF205336 


B. cereus 


229 


_ 


_ 


Unknown 


AF205337 


B. cereus 


27877 


_ 


_ 


ATCC 27877 


AF205338 


B. cereus 


49069 


_ 


_ 


ATCC 49069 


AF205339 


B. cereus 


776 


_ 


_ 


ATCC 19637 


AF205341 


B. cereus 


23261 


_ 


_ 


ATCC 23261 


AF205342 


B. mycoides 


6462 


_ 





ATCC 6462 


AF205343 


B. thuringiensis 


T07-005 


_ 


_ 


IEBC 7 T07-005 


AF205344 


B. thuringiensis 


T07-146 


— 


_ 


IEBC T07-146 


AF205345 


B. thuringiensis 


T07-202 


- 


- 


IEBC T07-202 


AF205346 


B. thuringiensis 


10 






Asia 


AF205347 


B. thuringiensis 


35646 






ATCC 35646 


AF205348 


B. thuringiensis 


B8 






Unknown 


AF205349 


Bacillus spp. 


Ba813 11 (9594/3) 






Europe 


AF205350 


Bacillus spp. 


Ba813 12 (S8553/2) 






Europe 


AF205351 


Bacillus spp. 


Ba813 31 (IB/A) 






Middle East 


AF205352 


Bacillus sp. 


AX16 






Unknown 


AF205353 


Bacillus sp. 


N52 






Unknown 


AF205354 


Bacillus sp. 


V770 






Unknown 


AF205355 


B. subtilis 


6051 






ATCC 6051 


AF205356 



" Ramissc ct al., 1996 (28). + , detected; -. not detected; ND, no data. 
h American Type Culture Collection, Manassas, Va. 

c International Entomopathogcnic Bacillus Centre Collection, Pasteur Institute, Paris, France. 



bacilli (3). Thus, no absolutely specific chromosomal marker is 
presently available for the detection of B. anthracis. 

The rpoB gene, which codes for the p-subunit of RNA poly- 
merase, has served as a signature sequence for bacterial iden- 
tification as well as a locus for phylogenetic analysis (21). 
Moreover, rpoB is a highly conserved housekeeping gene, and 
at least one copy is present in all bacteria because of its essen- 
tial role in cellular metabolism. This gene, along with rpoC, 
which encodes for the P'-subunit, constitutes the catalytic cen- 
ter of the pentameric bacterial RNA polymerase (6). Due to its 
discriminatory power, the rpoB gene has been used to develop 
probes for specific detection and phylogenetic analysis of Cox- 
iella burnetii, Rickettsia, and Yersinia pestis (12, 13, 22). 

Bacteria! strains and DNA preparation. A total of 144 B. 
anthracis strains from different geographical locations (Table 
1), 29 B. cereus strains, 49 B. thuringiensis strains, 73 Bacillus 
spp. Ba813* strains (29), a strain each of B. mycoides, B. 
subtilis, and B. megaterium, and 22 unknown bacilli were used 
to test the specificity of the assay. Sixteen B. anthracis strains 
and a total of 20 other bacilli strains of B. cereus (n - 6), B. 
thuringiensis (n = 6), B. mycoides (n = 1), B. subtilis (n - 1), 
and other bacilli (n = 6) were used for the determination of 



variable region 1 of the rpoB gene sequence (Table 2). All 
strains used in this study were analyzed for plasmid content by 
a multiplex PCR assay (28). DNA was extracted by a method 
outlined by Schraft and Griffiths (32) with modifications as 
described elsewhere (8). For preparing crude vegetative cell 
lysales, a sterile toothpick was used to transfer a portion of a 
fresh colony into 300 uJ of distilled water. The cell suspension 
was boiled at 100°C for 15 min and then cenlrifuged at 8,000 X 
g for 5 min. The supernatant was transferred to a fresh micro- 
centrifuge tube and stored at -20°C until further use. For 
isolating the rifampin-resislant mutant, an individual fresh col- 
ony of the rifampin-sensitive B. anthracis 7700 was streaked 
out on a brain heart infusion agar containing 25 u,g of rifampin 
(Sigma Chemical Co., St. Louis, Mo.) per ml and was incu- 
bated overnight at 37°C. Rifampin-resistant colonies were 
plated out a second time onto a plate containing 50 u.g of 
rifampin/ml in order to confirm this phenotype. 

Low-stringency PCR amplification and sequence analysis. 
The alignment of the amino acid sequences of the RNA poly- 
merase P-subunits of Bacillus subtilis and Escherichia coli per- 
mitted the identification of two conserved regions. The con- 
served region found near the N terminus was RVIVSQ, 
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FIG. 1. Alignment of the nucleotide sequences from 10 representative Bacillus strains using Clustal W (32). The strains are the following: Be 
27877, Bacillus cercus 27877; Be 23261, Bacillus cereus 23261; Bt 35646, Bacillus thuringiensis 35646; Ba Voilum, Bacillus anthracis Vollum; Ba A74, 
Bacillus anthracis A74; Ba Sterne, Bacillus unihracis Sterne; Ba813_.ll, Bacillus sp. strain Ba813_l 1; Ba813J2, Bacillus sp. strain Ba813 12; Bt B8! 
Bacillus thuringiensis BtB8; Bs 6051, Bacillus subtilis 6051. The locations of primers and probes are shown (F, fluorescein; Cy5, cyanine 5; pj 
phosphate group); the presence of an asterisk denotes a mismatch, a dash indicates identity with the consensus sequence, and nucleotide letters 
indicate positions showing polymorphism. 



spanning amino acid residues 132 to 137 of B. subtilis and 
residues 143 to 148 of E. coli (6). The C terminus conserved 
region was DD1DHL, and it was found at positions 399 to 404 
of B. subtilis and positions 443 to 448 of E. coli. 

The sequences of primer rpoBl (5 ' -CGTGTTATCGTTTC 
CCAGC-3') and rpoB2 (S'-AAGATGATCGATATCATC 
TG-3') were derived from the two conserved regions and cor- 
respond to nucleotides (nt) 1482 to 1500 and 2281 to 2300 of 
the B. subtilis rpoB gene (GenBank accession no. L24376). The 
PCR reaction mixture of 50 uJ consisted of 10 mM Tris-HCl 
(pH 8.3), 75 mM KCI, 3.5 mM MgCI 2 , 0.2 mM dNTPs (Boehr- 
inger Mannheim Corp., Indianapolis, Ind.), 1 piM (each) prim- 



ers rpoBl and rpoB2, 0.05 U of AmpliTaq DNA polymerase 
(Perkin Elmer Corp., Foster City, Calif.)/uJ, and 100 ng of 
DNA template. Amplification was performed in a GcneAmp 
PCR System 2400 (Perkin-Elmer Corp., Norwalk, Conn.), and 
the cycling conditions were as follows: initial denaturation at 
94°C for 5 min, followed by 35 cycles of 94°C for 1 min, 45°C 
for 1 min, and 72°C for 1 min, with a final extension of 72°C for 
7 min. The amplicons were detected in 2% (wt/vol) SeaKem 
GTG agarose (FMC Bioproducts, Rockland, Maine) with 40 
mM Tris-acetatc-lmM EDTA (pH 8.3) as a running buffer 
and visualized by ethidium bromide staining. 

Low-stringency amplification of the variable region of the 
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TABLE 3. Primers and probes used in the FRET-PCR assay 

Primer or probe Position" T m {*Cf Sequence (5'-»3') c 

rpoBFl primer ( 1821-1841 ) 64.6 CCA CCA ACA GTA GAA AAT GCC ~ 

rpoBRl primer ( 1973-1995) 64.2 AAA TTT CAC CAG TTT CTG GAT CT 

BaPl probe ( 1871-1897) 74.4 TCC AAA GCG CTA TGA TTT AGC AAA TGT-F 

BaP2 probe (1899-1928) 74.1 Cy5-GGT CGC TAC AAG ATC AAC AAG AAG TTA CAC-P 

0 Based on the 8. subtiiis rpoB gene (GcnBank accession no. L24376). 

* Nearest neighbor method. 

f F. fluorescein; Cy5, cyaninc 5; P, phosphate. 



rpoB gene from different Bacillus species and strains yielded 
the expected amplicons with a size of 819 bp. Bands of the 
expected size were excised from the gel, and the DNA was 
extracted using a QIAquick Gel Extraction kit (QIAGEN Inc., 
Valencia, Calif.). The PCR products were cloned into vector 
pCR 2.1 (Invitrogen Corp., Carlsbad, Calif.) and transformed 
into E. coli. Recombinant plasm ids were prepared using the 
QIAGEN Plasmid Mini Kit. Three clones from each ligation 
reaction were sequenced in duplicate with the M13 forward 
and reverse primers using the Applied Biosystems model 373A 
automated sequencer and the BigDye terminator ready reac- 
tion kit (Perkin-Elmer Applied Biosystems). The nucleotide 
sequences were edited and assembled with the Sequencing 
Analysis 3.0 and AutoAssembler 3.1.2 programs, respectively; 
translation into amino acids was accomplished using the Se- 
quence Navigator 3.0.1 program (Perkin-Elmer Applied Bio- 
systems). These 36 sequences were aligned using the Clustal W 
program (32) from BioNavigator (eBioinformatics Pty Ltd: 
http://www.ebioinformatics.com/), and four bases specific for 
B. anthracis were identified. Figure 1 shows the alignment and 
nucleotide differences of 10 representative strains, including 3 
strains of B. anthracis, 2 strains of B. cereus, 2 strains of B. 
thuringiensis, 2 Ba813 + strains of Bacillus sp. (29), and a single 
strain of B. subtiiis. Thus, nucleotides C (position 42), T (po- 
sition 84), C (position 108), and A (position 174) are unique to 
B. anthracis, with the exception of Ba813_ll (Fig. 1). The 
region of the rpoB gene described in this study appears to be 
the only region within the rpoB gene that shows variation 
among different species of bacteria (6). 

Nucleotide sequence accession number. The nucleotide se- 
quences of the portion of the rpoB gene (variable region 1) 
described in this study were submitted to GenBank, and the 
accession numbers are listed in Table 2. 

The translation of the nucleotide sequences showed that 
four bases specific for B. anthracis were in the third positions of 
the codons and did not change the amino acid sequence. The 
positions of the amino acids in the p-subunit were alanine at 
251, tyrosine at 265, tyrosine at 273, and valine at 295. Thus, 
although there are differences in the nucleotide sequences, no 
differences were found in the primary sequence of the RpoB 
proteins for B. anthracis, B. cereus, and B. thuringiensis. 

FRET-PCR assay. The primers rpoBFl and rpoBRl (Table 
3; Fig. 1) were selected for high-stringency PCR amplification 
using Oligo 6 software (National Biosciences Inc., Plymouth, 
Minn.). The probes BaPl (3' end labeled with Fluorescein) 
and BaP2 (5' end labeled with Cy5 and 3' blocked with a 
phosphate group) were placed 1 bp apart within the PCR 
product (Fig. 1) and had 7' m s (7) at least 10°C higher than 
those of the amplification primers (Table 3). 



The PCR mixture (10 uJ) consisted of 10 mM Tris-HCl (pH 
8.3), 50 mM KCI, 2.5 mM MgCl 2 , 0.2 mM dNTPs, 250 u,g of 
bovine serum albumin/ml (Roche Molecular Biochemicals, In- 
dianapolis, In), 1 iaM (each) primers rpoBFl and rpoBRl, 0.2 
u,M probe BaPl, 0.4 u.M probe BaP2, 0.8U of DNA polymer- 
ase KlcnTaql (Ab Peptides, St. Louis, Mo.), and 50 ng of DNA 
template or 2 u,l of crude vegetative cell lysate. The amplifi- 
cation was performed on a Light-Cycler (Idaho Technology, 
Idaho Falls, Idaho), which is a rapid, forced-air thermocycler 
with an integrated fluorimeter for real-time monitoring of 
PCR reactions (35). The amplification was accomplished by 
initial denaturation at 95°C for 30 s, followed by 35 cycles of 
95°C for 0 s, 63°C for 15 s, and 72°C for 5 s. Once the capillaries 
were placed in the thermocycler, amplification could be com- 
pleted in less than 30 min. Detection of the amplification 
products is accomplished by hybridization of a pair of probes to 
the amplicons as they are formed, resulting in a fluorescence 
resonance energy transfer (FRET) (35). Fluorescence was 
measured once every cycle at the annealing step using the 
F2/F1 filter to monitor amplification in real time. Fl corre- 
sponds to the baseline fluorescein fluorescence, while F2 indi- 
cates FRET from fluorescein to Cy5, resulting in the ratio of 
Cy5/fluorescein fluorescence (F2/F1). The increase in fluores- 
cence is proportional to the amount of PCR product generated 
(7, 35) and is displayed on the computer screen in the real-time 
mode. The reactions showing an increase in fluorescence by a 
minimum of 0.05 fluorescence units (y axis) were scored as 
positive amplification reactions. The PCR products were also 
visualized by 2% (wt/vol) gel electrophoresis. 

The FRET assay was performed on 144 B. anthracis strains, 
harboring any combination of the two plasmids and isolated 
from different geographical locations (Table 1). All these 
strains tested positive in the FRET assay, since they displayed 
an increase in fluorescence as well as the presence of the 
expected PCR product by agarose gel analysis. Another 175 
closely related strains, including the B. ccreus group and 
Ba813"" strains, were tested as negative controls to check the 
specificity of the assay. All related strains, with the exception of 
Ba813_l 1, were scored as negative because they did not exhibit 
an increase in fluorescence. Figure 2 shows the results of the 
FRET-PCR assay and the electrophoresis of the PCR ampli- 
cons using genomic DNA samples from representative strains. 
B. ccreus, B. thuringiensis, Bacillus sp. strain Ba813_12, and B. 
subtiiis did not show amplification. The rpoB FRET-PCR assay 
is extremely specific for B. anthracis because of the high-strin- 
gency PCR conditions coupled with the unique nature of the 
primers and probes. This specificity occurs at two different 
levels. The first is at the primer level, as seen in the case of 
Bacillus sp. strain Ba813_12. In this instance PCR products 
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FIG. 2. Results of the FRET- PCR assay using genomic DNA. (A) Fluorescence ratio (F2/F1 ) is plotted against the number of PCR cycles. The 
samples are the following: I, □, negative control (no DNA); 2, A, Bacillus unthracis A74; 3, O, Bacillus anihracis Sterne; 4, -k, Bacillus sp. strain 
Ba813J 1; 5, + , Bacillus anthracis Voilum; 6, #, Bacillus cereus 27877; 7 t O, Bacillus ccreus 23261; 8, Bacillus sp. strain Ba8 13_12; 9, ▲, Bacillus 
thuringiensis BtB8. (B) Gel electrophoresis of the PCR products. Lanes, M: 100 bp DNA ladder; I, negative control (no DNA); samples 2 to 9 are 
the same as in panel A. 



were not generated due to single base-pair difference at 3' end 
of both primers, and as a result an increase in fluorescence was 
not observed in spite of 100% homology of the probe region 
with the B. anihracis sequence. The second level of specificity 
is at the probe level, since 100% base-pairing of probes with 
target sequence is required for FRET to occur. A single base- 
pair mismatch between either of the probe sequences with the 
target region stops the FRET process, indicating a negative 
result (unpublished data). 



The amplicon derived from Bacillus sp. strain Ba813_ll was 
sequenced, and it was found to have a nucleotide sequence 
identical to that of B. anthracis (Fig. 1). Consequently, the 
FRET-PCR assay reported here cannot distinguish Bacillus sp. 
strain Ba813_ll from B. anthracis strains. The remaining 71 
Bacillus spp. Ba813 + strains have sequence identical to that of 
Bacillus sp. strain Ba813_12 in primer and probe binding re- 
gions, and Bacillus sp. strain Ba813_ll appears to be an ex- 
ception. This strain, Bacillus sp. strain Ba813 (9594/3), was 
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FIG. 3. Results of the FRET-PCR assay using crude vegetative cell lysates. The fluorescence ratio (F2/F1) is plotted against the number of PCR 
cycles. The sample are the following: ▲, negative control (no DNA); ■, Bacillus anthracis AC3; A, Bacillus anihracis 7702; X, Bacillus anthmcis 
MJM-231 1; ~k, Bacillus anthracis A74; Bacillus anthmcis 0074; +, Bacillus anthmcis Texas 0077; Bacillus anthmcis AANR-1099; O, Bacillus 
anthmcis 7700; O, Bacillus anthmcis A58; □, Bacillus cereus 14579; ♦ , Bacillus thuringiensis 10792. 



isolated from a station effluent in the Alps in 1997 and was 
designated a transitional strain because it could not be as- 
signed to a particular species (26, 29). According to the SG-749 
locus signature, Bacillus sp. strain Ba813_ll belongs to the B. 
cereus group (data not shown) and was shown to contain the 
Ba813^" marker (26). In contrast to the phenotypic character- 
istics of B. anthracis, the Bacillus sp. strain Ba813_ll is hemo- 
lytic, motile, and resistant to penicillin, although it has an rpoB 
variable region 1 identical to that of B. anihracis. 

The assay was not affected by the presence of exogenously 
added E. coli or mixed Bacillus species DNA (25 ng of B. 
anthracis DNA + 1,000 ng of exogenously added DNA) rep- 
resenting a mixed microbial community at the ratio of 1:40 
(data not shown). The sensitivity of the FRET-PCR assay was 
examined using different concentrations of exogenously added 
DNA. Positive fluorescence signals and amplification, as shown 
by gel electrophoresis, were noticed even when as little as 1 pg 
of pure genomic DNA was used. 

The FRET-PCR assay was also performed on crude vege- 
tative cell lysates from B. anthracis and related bacilli. Figure 3 
shows the results of the assay on selected strains. Only 5. 
anthracis displayed an increase in fluorescence and the pres- 
ence of the expected amplification product. The increase in 
fluorescence was observed after 22 to 30 cycles. The magnitude 
of increase in fluorescence is dependent on the quantity of 
template DNA or the copy number of the gene target in the 
reaction (35). It should be noted that the DNA amount was not 
normalized in the different cell lysates because the number of 
vegetative cells used in different samples was not identical. 
Thus, the assay can be directly used on freshly grown cultures 



for rapid identification of B. anthracis strains in less than 1 h. 
A rifampin- resistant colony exhibited positive results when 
tested by the FRET-PCR assay because the position of the 
mutation was found to be outside the rpoB target region, as is 
the case with B. subtilis (6). However, if new hotspots are found 
in the primer and/or probe binding sites, it may not be possible 
to use the assay for rifampin-resistant B. anthracis strains. 

The FRET-PCR assay was able to clearly identify and dis- 
tinguish B. anthracis from other closely related bacilli, signify- 
ing that the target of this assay is conserved in all strains of B. 
anthracis used in this study and that the detection of & anthra- 
cis is independent of the plasmid content. These strains have 
been isolated from a wide variety of geographic locations, 
which gives us a reason to believe that this chromosomal 
marker will continue to be specific to B. anthracis even on 
further investigation. Extensive testing of strains of the B. 
cereus group has shown that the FRET-PCR assay is virtually 
free of cross-reactivity (99.4% specificity), with the exception 
of the case of Bacillus sp. strain Ba813_ll. This assay can be 
used on endospore suspensions if PCR-amplifiable DNA is 
released from the spores. 

The FRET-PCR assay has several advantages over standard 
molecular identification techniques. The amplification is mon- 
itored in real time, and reactions can be scored as positive or 
negative without time-consuming routine gel analysis. More- 
over, the assay is rapid and highly sensitive when extracted 
DNA is used as a template for PCR. Using a DNA intercalat- 
ing fluorescent dye such as SYBR Gold, the specificity of the 
reaction is evaluated at the end of the PCR amplification (18). 
The presence of contaminating DNA does not affect the results 
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of the assay, and hence it can be applied for detection of B. 
anthracis in epidemiological studies and suspected bioterrorist 
attacks and when analyzing ancient samples. Recent revalu- 
ation of one of the B, anthracis strains (Zimbabwe) that was 
originally determined to be rpoB FRET positive has confirmed 
that it is in fact rpoB FRET negative. Moreover, using a newly 
described technique known as long-range repetitive-element 
poiymorphism-PCR (8), we now have strong evidence suggest- 
ing that this strain needs to be regarded as a potential transi- 
tional B. anthracis strain. We are presently exploring this pos- 
sibility, and in the meantime we have removed any mention of 
this particular strain from this report. 
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ABSTRACT 

A.T. CSORDAS, J.D. BARAK AND M.J. DELWICHE. 2004. 

Aims: To evaluate the specificity and sensitivity of PCR primers for the detection of Salmonella enterica in a 
real-time PCR assay using pure cultures. 

Methods and Results: Unenriched whole cells in sterile water were used as template for each PCR. SYBR Green 
dye was used for the nonspecific detection of dsDNA. The real-time PCR detection limits of five previously 
published primer sets used in conventional PCR applications were not below 3 X 10 3 CFU per reaction (rxn). A 
new primer set, Sen, was designed, which detected Salm. enterica Newport down to 6 CFU rxn" 1 in one case, and 
gave an average detection limit of 35 CFU rxn" 1 over three separate runs. 

Conclusions: Primers originally designed for end-point PCR did not have adequate specificity or sensitivity 
compared with those specifically designed for real-time PCR. 

Significance and Impact of the Study: This study emphasizes the importance of evaluating real-time PCR 
primer sets in pure cultures prior to testing in field samples. This study will benefit other researchers in selecting an 
appropriate primer set for real-time PCR detection of Salm. enterica. 

Keywords: dissociation analysis, invA gene, primer dimer, SYBR Green, threshold cycle. 



INTRODUCTION 

Real-time PCR offers advantages over traditional PCR in 
that it is possible to watch the PCR reaction as it occurs, the 
PCR product does not have to be removed from its reaction 
chamber for post-PCR analysis, and many detection chem- 
istries are available, including probe-based systems that 
provide assurance that the correct fragment is amplified. 
Primer sets that have shown Salmonella specificity in 
traditional PCR applications require evaluation in real-time 
PCR conditions to determine if these sets are specific and 
sensitive. Conventional PCR primers that have a strong 
tendency to form primer dimers may yield poor sensitivity 
results in a real-time assay. Since primer dimers are dsDNA, 

Correspondence to: Michael Dclwiche, University of California, Department of 
Biological and Agricultural Engineering, One Shields Ave., Davis, CA 9S6I6, USA 
(e-mail: mjdelmche@ucdavis.edu). 



they will generate fluorescent signals (Higuchi et al 1992) 
that yield false-positive results. If the primers form dimers, 
then at the lower target concentrations it may not be possible 
to distinguish between target fluorescent signals and primer 
dimer fluorescent signals by examining plots of relative 
fluorescence as a function of cycle number. In the absence of 
conventional PCR primers that yield adequate detection 
limits in real-time PCR, new primers can be designed or a 
probe-based system can be designed that yields fluorescence 
only in the presence of a specific dsDNA target. 

Several real-time PCR assays have recently been devel- 
oped for the detection of Salmonella (Hoorfar et al. 2000; 
Eyigor et al. 2002; Bhagwat 2004). Previous studies have 
shown comparisons of primers used in traditional PCR 
assays (Gooding and Choudary 1999; Malorny et al. 2003; 
Ziemer and Steadham 2003). The purpose of this work was 
to compare primer sets in a real-time PCR assay and to find 
a primer set that gives specific and sensitive detection of 
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Salmonella entcrica serovars associated with food-borne 
outbreaks from produce. 

MATERIALS AND METHODS 
Bacterial serovars and growth media 

All bacteria used in this study are listed in Table 1. Bacteria 
were cultured on Luria-Bertani agar plates (LB, Etifco/ 
BBL, Sparks, MD, USA). Bacteria from an 18-h culture 
grown on LB plates were diluted in sterile water to an 
optical density of 0*2 at 600 nm. Serial dilutions were made 
in sterile water to obtain appropriate cell densities for PCR 
testing. Cell densities were quantified by plating 100 fA of 
the appropriate serial dilution on LB plates. The plates were 
incubated at 37°C overnight and colonies were counted. 

Reagents and primers 

Primer set sequences and references are shown in Table 2. 
All primer sets in Table 2, other than Sen, were shown to be 
specific for Salmonella in previously published research by 
testing with Salmonella and non-Salmonella target DNA. 
SYBR Green Master Mix (Applied Biosystems, Foster City, 



CA) reagent was used in initial experimentation with the Sal, 
INVA, ST, Fim, and iroB primer sets at primer concentra- 
tions of 500 nmol I" 1 . However, further experimentation 
with low Salm. entcrica cell concentrations indicated that 
there was a tendency for primer dimer formation. In an 
attempt to minimize this problem, SYBR Green Core 
Reagents (Applied Biosystems) were used to allow changes in 
the reagent concentrations. The final core reagent concen- 
trations used in each 50 fj\ reaction were: IX SYBR Green 
PCR Buffer, 3 0 mmol F 1 Mgd 2 , 1*0 mmol I" 1 dNTP mix 
with dUTP, and 1 25 U AmpliTaq Gold. In addition, 0*5 U 
AmpErase UNG enzyme (Applied Biosystems) was added to 
all Sen primer set reactions. Reduced concentrations of 
250 nmol F 1 were tested with the Sal and INVA primer sets 
in sensitivity testing. All experiments with the Sen primer set 
were performed at primer concentrations of 250 nmol F 1 
with the core reagents. 

Mixtures of SYBR Green Master Mix or SYBR Green 
Core Reagents with the appropriate primer set were 
vortexed prior to transfer to the PCR tubes. The total 
volume of SYBR Green mix including primers was 30 y\ 
(including water if necessary to adjust the volume to 30 fA). 
Twenty microlitres of the appropriate Salm. enterica serial 
dilution were then added to each tube to give a total 



Table 1 Bacteria used for specificity testing 





Strain 


Reference/ source 


Salm. enterica (serovar, serogroup) 






Saintpaul, B 


55 


SARB* 


Schwarzengrund, B 


96E01152C-TX-1 


Inami and Moler (1999); CDHSf 


Mbandaka, C x 


99A1670 


CDHS 


Newport, C 2 


96E01153C-TX 


Inami and Moler {1999); CDHS 


Albany, C3 


96E01152C-TH 


CDHS 


Enteritidis, Dj 


OOA-2768 


CDHS 


Baildon, D 2 


99A-23 


CDHS 


Meleagridis, £1 


96A7406 


CDHS 


Senftenberg, E4 


59 


SARB 


Rubislaw, F 


54 


SARB 


Poona, Gj 


OOA3563 


Barak et al (2003); CDHS 


Cubana, G 2 


98A9878 


Mohle-Boetani et al (2001); CDHS 


Havana, G2 


98A4399 


Mohle-Boetani et al (2001); CDHS 


Saphra, I 


97A3312 


Mohle-Boetani et al (1999); CDHS 


Non-Salmonella species 






£. ro/i 0137:H41 


MW421 


Wachtel et al (2002) 


Rahnella aquatilis 


SPS2F10 


Barak et al (2002) 


Pseudomonas putida 


BM19 


Barak et al (2002) 


Pantoea agglomerans 


SPS2F1 


Barak et al (2002) 


Erwinia chrysanthemi 


3937 


N. Pernat 


Klebsiella pneumonia 


S48565.3 


SFGH§ 



*SARB, Salmonella reference collection B. 

tCDHS, California Department of Health and Human Services. 

{Nicole Perna, University of Wisconsin-Madison. 

§SFGH, San Francisco General Hospital. 
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Table 2 Primer target, name, sequence, expected amplicon length and reference 



Target fragment 



Primer cetK 


Primer (5' -> $*) 


Product si: 


ze (bp) Reference 


Sal-3 


TAT CGC CAC GTT CGG GCA A 


275 


Wang et al. (1997) 


SaW 


TCG CAC CGT CAA AGG AAC C 






INVA-1 


ACA GTG CTC GTT TAC GAC CTG AAT 


244 


Chiu and Ou (1996) 


INVA-2 


AGA CGA CTG GTA CTG ATC GAT AAT 






Primer 1 


TGC GTA TTC TGT TTG TCG GTC C 


606 


Baumler et al. (1997) 


Primer 2 


TAC GTT CCC ACC ATT CTT CCC 






ST11 


GCC AAC CAT TGC TAA ATT GGC GCA 


429 


Soumet et al. (1999) 


ST15 


GGT AGA AAT TCC CAG CGG GTA CTG G 






FimlA 


CCT TTC TCC ATC GTC CTG AA 


85 


Cohen et al. (1996) 


Fira2A 


TGG TGT TAT CTG CCC GAC CA 






Sen-1 


TTT CAA TGG GAA CTC TGC 


172 


This work 


Sen-2 


AAC GAC GAC CCT TCT TTT 







invA gene 

invA gene 

iroB gene 

Random fragment 
of Salm. Typhimurium 
fimA gene 

invA gene 



reaction volume of 50 /d. Negative control reactions used 
20 /il of sterile water to make a total reaction volume of 
50 (il 

Polymerase chain reactions were performed with a 
GeneAmp 5700 Sequence Detection System (Applied 
Biosystems) using the following thermal cycling conditions: 
94°C for 5 min; 40 cycles of 94°C for 30 s, 60°C for 30 s, 
and 72°C for 1 min, with a final extension of 72°C for 
7 min. The annealing temperature was lowered to 54°C for 
the Sen primer set due to its lower melting temperature. 
Prior to the 94°C hold for 5 min, an initial step of 50°C for 
2 min was added to the Sen primer set protocol to activate 
the AmpErase UNG enzyme. After each PCR, a dissociation 
profile was generated by increasing the temperature from 60 
to 90°C in increments of 0-4°C over 20 min, while 
measuring changes in fluorescence. 

Gel analysis 

In addition to dissociation curve analysis, PCR amplification 
fragments were run in 2% agarose gels in Tris-acetate- 
EDTA buffer to confirm fragment size. Following the PCR, 
2 /il of 6X tracking dye (Promega, Madison, WI, USA) were 
mixed into the 50 /il reaction volume and 10 /il of this 
mixture were used for gel electrophoresis. A Hi-Lo DNA 
ladder (Minnesota Molecular, Minneapolis, MN, USA) was 
used to compare fragment sizes. Gels were stained with 
SYBR Green I (Molecular Probes, Eugene, OR, USA) or 
ethidium bromide for 10-20 min. The agarose gels were 
then photographed under u.v. excitation. 

Primer design 

Software (Primer Premier 5.0, PREMIER Biosoft Interna- 
tional, Palo Alto, CA, USA) was used for assessment of the 
previously published primer sets and design of a new one. 
Given a particular target sequence and primer set, the 
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software calculates the Gibbs free energy (AC) required for 
specific and nonspecific products to form, thereby allowing 
primers to be evaluated prior to experimentation. A large 
negative AG means that a reaction is energetically favourable 
and, therefore, indicates a tendency to form a dsDNA 
product. In addition to searching for potential primer 
dimers, the software can find locations outside of the target 
region where primers have a tendency to anneal, leading to 
nonspecific product formation called false priming. The 
invA gene from Salm. enterica serovar Typhimurium LT2 
(accession number: AE008832, McClelland et al. 2001) was 
used as target DNA for software analysis of the Sal and 
INVA primer sets, and for designing a new primer set. 

DNA sequencing 

PCR products from the Sen primer set were sequenced to 
make certain that the target sequence was amplified. PCR 
products for sequencing were produced with the Sen primer 
set real-time PCR procedure described previously. DNA 
samples were purified with a QIAquick gel extraction kit 
(Qiagen, Valencia, CA, USA). Sequencing was performed 
by the Division of Biological Sciences DNA Sequencing 
Facility (University of California, Davis, CA, USA). 

Experimental procedures 

Each primer set was evaluated for its ability to amplify 
products from Salm. enterica serovars and from low initial 
template concentrations (sensitivity). Experimental condi- 
tions and procedures are summarized in Table 3. The Sal, 
INVA, iroB, ST, and Fim primer sets were tested in one 
experiment with the Salm. enterica serovars listed in Table 1 
at 10 3 CFU per reaction (rxn), and the Sen primer set was 
tested in one experiment with all bacteria shown in Table 1 
at 10 3 CFU rxn" 1 . Dissociation plot peaks and amplification 
fragments on agarose gels were used to verify that the 
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Table 3 Procedures and experimental conditions 



Procedure 


Primer set 


[Primer] 
(nmol I" 1 ) 


PCR reagents 0 


Bacteria 


[Bacteria] 
(CFU rxn" 1 ) 


Initial screening, 


Sal, INVA, iroB, Fim, ST 


500 


Master Mix 


Salm. enterica serovars, Table 1 


10 3 


traditional primers 
Sensitivity 


Sal, INVA 


250 


Core Reagents 


Salm. enterica Newport 


10 6 -10 3 


Software analysis 

Specificity 

Sensitivity 


Sal, INVA, Sen 

Sen 

Sen 


250 
250 


Core Reagents 
Core Reagents 


All bacteria, Table 1 
Salm. enterica Newport 


10 3 

10 6 -10° 



•SYBR Green Master Mix or Core Reagents. 



correct sequences were amplified. A primer set was 
considered for sensitivity testing if the initial results 
indicated single peaks in the dissociation plots, no peaks in 
the negative control dissociation plots and if agarose gel 
electrophoresis indicated that the correct size fragment was 
formed. Sensitivity testing involved three replicates per 
experiment using three separate experiments with each 
primer set. Salm. enterica Newport, an outbreak strain 
associated with produce, was used for sensitivity testing with 
levels ranging from 10 6 to 10 3 CFU rxn" 1 for the Sal and 
INVA primer sets and approximately 10 6 to 10° CFU rxn" 1 
for the Sen primer set. 

The detection limit of a particular primer set was 
determined by comparing the mean threshold cycle (C T ) 
value of the dilution with the mean Cy value of the negative 
control reactions. In the case of the Sal and INVA primer 
sets a one-tailed Student's /-test with a = 0*05 was 
performed to determine if there was a significant difference 
between the mean Or values of the negative control 
reactions and the reactions containing the Salm. enterica 
Newport dilution of interest. Primer set detection limits 
were established by determining the lowest Salm. enterica 
Newport cell density mean Ct that was significantly 
different from the negative control 



RESULTS 

Testing Sal, INVA, iroB, Fim, and ST primer sets 
using Salm. enterica serovars 

The Sal, INVA, iroB, Fim and ST primer sets were tested 
with all Salm. enterica serovars shown in Table 1. Fig- 
ure l(a,b) show typical dissociation plots with each of the 
primer sets. The dissociation plots of the iroB and ST 
primer sets displayed multiple peaks with each serovar, 
while agarose gel electrophoresis showed a single band at the 
expected size in all cases. Without sequencing the PCR 
products, it was difficult to conclude if single or multiple 
products were formed with the iroB and ST primer sets. 
Furthermore, the iroB gel results produced faint bands and 
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Fig. 1 Results of specificity testing using the iroB, ST, Fim, Sal, and 
INVA primer sets with Salm. enterica Schwarzengrund at a concen- 
tration of 6 x 10 4 CFU rxn" 1 . Primer sets: (a) iroB (•), ST (o), 
Fim (▼); (b) Sal (•), INVA (O) 

small dissociation peaks for Salm. enterica serovars Newport, 
Albany, Enteritidis and Baildon with significant amounts of 
primer dimer formation seen in these reactions. Thus, the 
iroB and ST primer sets were not used in the sensitivity 
experiments. 
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The Fim primer set produced a single 85 bp product and a 
single peak in the dissociation plot. However, primer dimers 
formed in the negative control reaction of the same size and 
position on the dissociation plot as the expected product 
Testing this primer set at a reduced concentration of 
250 nmol l" 1 could help to reduce primer dimer formation. 
However, even if the size of the primer dimer seen in the 
negative control reaction was reduced, it may be difficult to 
interpret results from the Salm. enterica reactions because it 
will not be possible to tell if the fluorescent signal generated is 
from the target product, a primer dimer, or a combination of 
both. As it was not possible to distinguish between the Salm. 
enterica reactions and the negative control reactions in either 
dissociation analysis or gel electrophoresis, the Fim primer 
set was not used for further experimentation. 

The INVA primer set results indicated that products of 
the correct size were formed with all Salm. enterica serovars 
tested. Figure 1(b) shows a large primary peak at 80°C along 
with a smaller secondary peak (which may have been a 
primer dimer) at a melting temperature of about 74°C. The 
larger peak in the dissociation analysis corresponded to the 
244 bp product seen in the agarose gel (data not shown), as 
expected. As the primary product peak was clearly distin- 
guishable from the smaller peak, the INVA primer set was 
used for sensitivity testing. 

All Salm. enterica serovars tested with Sal were detected at 
10 3 CFU rxn" 1 with little to no primer dimer formation. 
The peak seen at 85°C in the dissociation plot of Fig. 1(b) 
corresponded to the expected 275 bp product seen in the gel 
analysis. The Sal primer set yielded the expected product 
for all Salm. enterica serovars and was therefore selected for 
sensitivity analysis. 

Sensitivity of the Sal and INVA primer sets 

In the case of both Sal and INVA primer sets, the 
dissociation plots showed that as the amount of initial 
template decreased, the height of the primer dimer peak 
increased and the height of the product peak decreased (data 
not shown). The detection limits of the Sal and INVA 
primer sets were approx. 3 X 10 3 and 3 X 10 4 CFU rxn~\ 
respectively. 

Primer analysis and design 

As a lower detection limit was desired, software was used to 
compare the Sal and INVA primer sets with a new primer 
set design. Analysis of INVA and Sal indicated that these 
primer sets might form primer dimers, as indicated by the 
relatively large negative AG values associated with different 
primer dimer formations (data not shown). 

A new primer set, Sen (Salm. enterica), also targeting the 
invA gene was designed and tested for Salm. enterica 



specificity using Salm. enterica and non-Salmonella isolates. 
The detection limit of Sen was also tested with Salm. 
enterica Newport. Table 2 gives the Sen primer set 
sequence. The software results indicated that only the 
reverse primer, Sen-2, has the potential for false priming on 
the invA gene (data not shown). 

Sen primer set specificity and sensitivity 

All Salmonella serovars shown in Table 1 formed a single 
product near the expected size, based on the real-time 
PCR dissociation plots and agarose gel electrophoresis 
results (data not shown). Sen primer set PCR products 
were sequenced in both directions and the product formed 
was the expected length of 172 bp. A BLAST analysis of 
the sequence results indicated that the correct sequence of 
bases was formed (accession number AE008832, 
McClelland et al 2001). None of the non-Salmonella 
bacteria crossed the real-time PCR threshold value, Rn = 
0-5, over the course of 40 cycles (data not shown). 
Therefore, this primer set was considered specific for 
Salm. enterica. 

Typical sensitivity results with the Sen primer set 
are shown in Fig. 2. Figure 2(a) shows that Salm. 
enterica Newport was detectable from 6 X 10 s to 
6 X 10° CFU rxn" 1 , while the negative control reaction 
did not generate visible dsDNA. Additionally, as seen in 
Fig. 2b, no primer dimers were formed with the Salm. 
enterica Newport dilutions and all product peaks were found 
at a temperature of 82 ± 1°C. 

The Sen sensitivity results indicate that the negative 
control reactions did not generate enough dsDNA to cross 
the relative fluorescence threshold value. As no negative 
control C T values were available for comparison with Salm. 
enterica reaction Cr values, no statistical tests were 
performed. Detection limits of 80, 6 and 20 CFU rxn" 1 
were found in three separate runs, giving an average 
detection limit of 35 CFU rxn" 1 with a standard deviation 
of 39 CFU rxn -1 . 

DISCUSSION 

In comparing the six primer sets for detection of Salm. 
enterica with real-time PCR, we chose to use pure cultures in 
sterile water as the first step in assay development. The 
formation of primer dimers in real-time PCR applications 
generates false-positive signals (Higuchi et al. 1992). These 
primer dimers ultimately lead to poor detection limits even 
without the presence of inhibiting substances found in field 
samples. 

With varying degrees of amplification, all primer sets 
tested with the Salm. enterica serovars shown in Table 1 
formed PCR products of the expected sizes at 
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Fig. 2 Amplification and dissociation plots with the Sen primer set 
amplifying the DNA of Salm. enterica Newport. Cell concentrations: 
(a) 6 x 10 s CFU rxiT 1 (•), 6 X 10 4 CFU rxn" 1 (o), 
6 x 10 3 CFU rxn -1 (T), 6 x 10 2 CFU rxiT 1 (V), 6 x 10 1 CFU rxn 1 
(■), 6 x 10° CFU rxn" 1 (□), 6 x HT 1 CFU rxn" 1 (♦). Cell concen- 
trations: (b) 6 x 10 s CFU rxn" 1 (•), 6 x 10 4 CFU rxn' 1 (o), 
6 x 10 3 CFU rxn' 1 (▼), 6 x 10 2 CFU rxn" 1 (V), 6 x 10 1 CFU rxn" 1 
(■), 6 x 10° CFU rxn" 1 (□), 6 x KT 1 CFU rxn -1 (♦), negative 
control (O) 

10 3 CFU rxn" 1 . However, multiple peaks were seen in the 
dissociation plots of the ST and iroB primer sets with most 
of the Salm. enterica serovars tested, and this may have been 
the result of two products formed that were close to one 
another or a single product with a DNA sequence that 
generates a complex melting profile. Li et al (2003) 
demonstrated that complex melting profiles can result from 
small single PCR products with SYBR Green dye. Their 
data indicate that regions of high A/T and G/C bases 
contribute to the shape of the melting profile of a product. A 
complex melting profile in the dissociation analysis of a PCR 
product that shows a single band on a gel requires 
sequencing to confirm that one product was actually formed 
and co-migrating bands were not present. 



With the exception of one sample at 8 CFU rxn" 1 , all 
dissociation plots for Sen primer products displayed single 
peaks larger than the background signal. The dissociation 
analyses confirmed that the correct melting temperature was 
found in each of the Sen primer set products generated. 

Although extraction and enrichment procedures may 
improve the sensitivity of PCR, both steps are time 
consuming and labour intensive and, thus, were not used 
here to prepare the samples. Without an enrichment 
technique to increase levels of target DNA or an extraction 
process to purify DNA from a sample, the choice of primer 
set is critical in a real-time PCR application. At high 
template concentrations (10 6 -10 5 CFU rxn" 1 ), both the Sal 
and INVA primer sets were consistently able to amplify the 
target fragment of interest. However, PCR with less 
template often generated primer dimers, ultimately yielding 
poor detection limits. The primer software was valuable in 
predicting the tendency for dimer formation and designing 
the Sen primer set which was ultimately the most sensitive 
primer set we tested. Using primers developed for tradi- 
tional PCR may lower real-time assay sensitivity. Therefore, 
new primers are required specifically for real-time PCR. 

The ultimate goal of this research is to build an automated 
biosensor for field use to screen for pathogens in the 
irrigation/wash water from fruits and vegetables. Jackson 
et al (2003) started this work and developed components for 
such a biosensor. An ideal biosensor rapidly confirms the 
presence or absence of its target. While enrichment 
techniques have been used prior to PCR for sensitive 
detection of Salmonella {Eyigor et al. 2002; Bhagwat 2004), 
these procedures typically take hours and such practices are 
incompatible with the goal of rapid detection. In order to 
improve our detection limit, an automated concentration 
mechanism is under development for the purpose of 
increasing the cell densities of liquid test samples. DNA 
extraction steps may also improve PCR target detection, but 
not all steps in an extraction process are easily automated. 
Obtaining a specific and sensitive primer set for real-time 
PCR detection of Salm. enterica under ideal conditions 
was the first step in the development of an automated 
biosensor. The next step will be testing Salm. enterica 
detection performance in spiked water samples from 
produce operations. 
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INTRODUCTION 

During the past decade, advances in PCR technology and 
other DNA signal and target amplification techniques have 
resulted in these molecular diagnostics becoming key proce- 
dures (4, 107, 117). Such techniques are conceptually simple, 
highly specific, sensitive, and amenable to full automation (54, 
115). The most mature of these technologies, PCR, is in one 
variant or another now common in research laboratories and is 
used increasingly in routine diagnostic laboratory settings and 
undergraduate and high-school teaching (32, 38, 40, 101). In 
diagnostic laboratories the use of PCR is limited by cost and 
sometimes the availability of adequate test sample volume. To 
overcome these shortcomings and also to increase the diagnos- 
tic capacity of PCR, a variant termed multiplex PCR has been 
described. In multiplex PCR more than one target sequence 
can be amplified by including more than one pair of primers in 
the reaction. Multiplex PCR has the potential to produce con- 
siderable savings of time and effort within the laboratory with- 
out compromising test utility. Since its introduction, multiplex 
PCR has been successfully applied in many areas of nucleic 
acid diagnostics, including gene deletion analysis (19, 20), mu- 
tation and polymorphism analysis (86, 96), quantitative analy- 
sis (94, 124), and RNA detection (51, 126). In the field of 
infectious diseases, the technique has been shown to be a 
valuable method for identification of viruses, bacteria, fungi, 
and/or parasites. A representative list of such agents is shown 
in Table 1. 

Based upon our own experience with multiplex PCR and 
those of other authors appearing in the literature during the 
last 10 years, we review the theoretical and practical basis of 
the development and optimization of multiplex PCR systems 
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and discuss the application and potential of this technique in 
the field of diagnostic virology. 

PRINCIPLE AND DEVELOPMENT OF MULTIPLEX PCR 

A number of review and research articles have provided 
detailed descriptions of the key parameters that may influence 
the performance of standard (uniplex) PCR (17, 57, 88, 91, 
112). Fewer publications discuss multiplex PCR (18, 28, 43). 

Primers and Multiplex PCR Efficiency 

The first few rounds of thermal cycling have substantial 
effect on the overall sensitivity and specificity of PCR (92). 
Assuming efficient denaturation of the target, overall success 
of specific amplification depends on the rate at which primers 
anneal to their target and the rate at which annealed primers 
are extended along the desired sequence during the early, 
middle, and late cycles of the amplification. Factors preventing 
optimal annealing rates include poorly designed primers and 
suboptimal buffer constituents and annealing temperature. 
The extension rate of specific primer-target hybrids depends 
on the activity of the enzyme, availability of essentia] compo- 
nents such as deoxyribonucleoside triphosphates (dNTPs), and 
the nature of the target DNA. Thus, the majority of modifica- 
tions to improve PCR performance have been directed to- 
wards the factors affecting annealing and/or extension rates. 

The optimization of multiplex PCRs can pose several diffi- 
culties, including poor sensitivity or specificity and/or prefer- 
ential amplification of certain specific targets (76). The pres- 
ence of more than one primer pair in the multiplex PCR 
increases the chance of obtaining spurious amplification prod- 
ucts, primarily because of the formation of primer dimers (9). 
These nonspecific products may be amplified more efficiently 
than the desired target, consuming reaction components and 
producing impaired rates of annealing and extension. Thus, the 
optimization of multiplex PCR should aim to minimize or 
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TABLE 1. Representative list of applications of multiplex PCR to the diagnosis of infectious diseases 



Infectious agent 



Pathogens urgeted 



Clinical rnanifestation(s) and/or specimen 



Reference(s) 



Virus 



Bacterium 



Parasite 



Combination 



HIV-1, HIV-2, HTLV-1, and HTLV-2 Blood 45 

HSV-1, HSV-2, VZV, CMV, HHV-6, EBV, and EVs" Meningitis, encephalitis, or meningoencephalitis; CSF 13, 14 



Haemophilus influenzae, Streptococcus pneumonia, 
Mycoplasma catarrhal*, and AUoiococcus otUidis 

Campylobacter jejuni and Campylobacter coU 

Actinomyces acanomycetemcomitans, Porphyromonas 
intermedia, and Porphyromonas gingivals 

N. gonorrhoeae and C. trachomatis 

C. trachomatis, N. gonorrhoeae, Ureaplasma urealyucum, 
and M. genitalium 

Giardia lamblia and Cryptosporidium parvum 
Leishmania spp. 

HSV, H. ducreyi, and T. pallidum 
HPVs, HSV, and C. trachomatis 
Adenovirus, HSV, and C. trachomatis 
EV, influenza viruses A and B, RSV, PIV types 1 and 3, 
adenovirus, M. pneumoniae, and C. pneumoniae 



Upper respiratory tract 

Human campylobacteriosis 
Periodontal infection 

Genital infections 
Genital infections 



Diarrheal disease; water 
Leishmaniasis 

Genital ulcer disease 

Genital swabs 

Keratoconjunctivitis 

Acute respiratory tract infections 



* EVs, enteroviruses. 

* Abstr. 97th Gen. Meet. Am. Soc Microbiol., 1997. 



42 

37 
34 

60, 118 
59 



52,89 
5, 39 

7,73 
64 

Yeo et al * 
36 



reduce such nonspecific interactions. Empirical testing and a 
trial-and-error approach may have to be used when testing 
several primer pairs, because there are no means to predict the 
performance characteristics of a selected primer pair even 
among those that satisfy the general parameters of primer 
design (43). However, special attention to primer design pa- 
rameters such as homology of primers with their target nucleic 
acid sequences, their length, the GC content, and their con- 
centration have to be considered (26, 65, 72, 88, 95, 120). 
Ideally, all the primer pairs in a multiplex PCR should enable 
similar amplification efficiencies for their respective target. 
This may be achieved through the utilization of primers with 
nearly identical optimum annealing temperatures (primer 
length of 18 to 30 bp or more and a GC content of 35 to 60% 
may prove satisfactory) and should not display significant ho- 
mology either internally or to one another (17, 26, 43). 

Preferential amplification of one target sequence over an- 
other (bias in template-to-product ratios) is a known phenom- 
enon in multiplex PCRs that are designed to amplify more than 
one target simultaneously (68, 76, 109). Based on both theo- 
retical modeling and experimental studies, two major classes of 
processes that induce this bias have been identified, PCR drift 
and PCR selection (108). PCR drift is a bias assumed to be due 
to stochastic fluctuation in the interactions of PCR reagents 
particularly in the early cycles, which could arise in the pres- 
ence of very low template concentrations (26, 68); variations in 
the thermal profiles of a thermocycler, resulting in unequal 
ramping temperatures; or simple experimental error. PCR se- 
lection, on the other hand, is defined as a mechanism which 
inherently favors the amplification of certain templates due to 
the properties of the target, the target's flanking sequences, or 
the entire target genome. These properties include interregion 
differences in GC content, leading to preferential denatur- 
ation; higher binding efficiency because of GC-rich primers; 
differential accessibility of targets within genomes due to sec- 
ondary structures; and the gene copy number within a genome. 
In addition, the choice of primers has been shown to be crucial 
to avoid PCR selection. Amplification biases that were strongly 
dependent on the choice of primers and dependent to a lesser 
extent on the templates have been described (100). Some 



primer pairs with high amplification efficiency resulted in tem- 
plates being saturated (plateau phase), while other primer 
pairs produced product independent of starting template con- 
centrations. Primers with lower amplification efficiency re- 
sulted in product concentrations below the saturation concen- 
trations, and depending on the template, either the expected 
product ratio or bias was observed. 

Other PCR Components 

Alteration of other PCR components such as PCR buffer 
constituents, dNTPs, and enzyme concentrations in multiplex 
PCR over those reported for most uniplex PCRs usually results 
in little, if any, improvement in the sensitivity or specificity of 
the test. Increasing the concentration of these factors may 
increase the likelihood of mis-priming with subsequent pro- 
duction of spurious nonspecific amplification products. How- 
ever, optimization of these components in multiplex PCRs that 
are designed for simultaneous amplification of multiple targets 
may prove beneficial. For example, in the multiplex PCR for 
the dystrophin gene (nine genomic targets), a Taq DNA poly- 
merase concentration (with an appropriate increase in MgCl 2 
concentration) four to five times greater than that required in 
uniplex PCR was necessary to achieve optimal nucleic acid 
amplification (19). Variation in concentrations of reaction 
components above those used in uniplex PCR probably reflects 
the competitive nature of the PCR process. The desired target 
DNA can be outcompeted by the more efficient amplification 
of other targets (including nonspecific products), leading to 
decreases in the efficiency of the amplification of the desired 
targets and hence sensitivity of the reaction (79). 

PCR additives, such as dimethyl sulfoxide, glycerol, bovine 
serum albumin, or betaine, have been reported to be of benefit 
in multiplex PCRs (49, 62). The components may act to pre- 
vent the stalling of DNA polymerization, which can occur 
through the formation of secondary structures within regions 
of template DNA during the extension process (44). Such 
cosolvents may also act as destabilizing agents, reducing the 
melting temperature of GC-rich sequences, or as osmopro- 
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tectants, increasing the resistance of the polymerase to dena- 
turation (44, 83). 

Variations in Methodology To Improve 
Sensitivity and Specificity 

A straightforward solution to difficulties encountered in the 
development of multiplex PCR has been the use of hot start 
PCR (21) and/or nested PCR (123). The former often elimi- 
nates nonspecific reactions (particularly production of primer 
dimers) caused by primer annealing at low temperature (4 to 
25°C) before commencement of thermocycling (21). The pro- 
cedure has recently been made more practicable through the 
use of a nonmechanical hot start methodology which involves 
the use of a form of Taq polymerase, for example, Amplitaq 
Gold (Roche Diagnostics), which is activated only if the reac- 
tion mixture is heated at approximately 94°C for 10 min (the 
first denaturation step) (8, 53). Nested PCR increases the 
sensitivity and specificity of the test through two independent 
rounds of amplification using two discrete primer sets. Al- 
though this adaptation is undoubtedly effective in most cases, it 
also considerably complicates the practical application of PCR. 
The second round of amplification delays results, increases the 
possibility of cross-contamination, and may complicate auto- 
mation. 

General Considerations for Multiplex PCR Development 
Development of multiplex PCRs should follow a rational 
approach for the inclusion or exclusion of specific pathogens in 
the assay. These pathogens can be organ system specific or 
symptom specific with respect to the age of the patient and the 
epidemiological characteristics of these pathogens. PCR con- 
ditions, such as compatibility among the primers within the 
reaction mixture such that there is no interference, is of great 
technical importance. The primer pairs must be inclusive for as 
many strains of the target pathogen as possible, and depending 
on the amplicon detection method, their targets are easily 
resolvable. The latter may be achieved by using primer pairs 
that result in PCR products that can be separated and clearly 
visualized using gel electrophoresis or hybridization probes 
with maximum specificity. Prior to application in a clinical 
setting, multiplex PCRs must be evaluated for their sensitivity 
as compared with their corresponding uniplex PCRs using both 
serial dilutions of the target DNA and clinical specimens. 

Wherever possible, multiplex PCRs should avoid the use of 
nested primers requiring a second round of amplification. The 
latter is a major contributor to false-positive results due to 
carryover contamination, although anticontamination proto- 
cols including PCR controls (reaction and specimens extrac- 
tion controls) must be implemented in all PCR-based proto- 
cols (55). Likewise, precautions and methodologies to avoid 
false-negative results due to reaction failure have to be con- 
sidered (104). Multiplex PCRs that amplify target sequences 
along with the presence of external or internal control target 
nucleic acids to indicate reaction failure have been developed 
(49, 62, 69). 

APPLICATION OF MULTIPLEX PCR IN 
DIAGNOSTIC VIROLOGY 

During the last decade, a number of studies have demon- 
strated the practicality of identifying viral pathogens in many 
clinical and epidemiological settings using multiplex PCR (Ta- 
ble 2). The technique has been used to screen for individual or 
symptom-associated viruses and examine associations of virus 
infection with disease. In addition, the technique has been 



shown to be a powerful and cost-effective tool for typing and 
subtyping virus strains in different epidemiological studies. 

Neurotropic Viruses 

PCR has proved to be a powerful tool for investigating 
meningitis and encephalitis caused by a variety of viruses. In 
neurological disease the requirement of rapid and reliable 
diagnosis to provide a rational basis for chemotherapy and 
limit unnecessary procedures and irrelevant therapy has driven 
development. The wide range of viruses associated with neu- 
rological disease includes herpes simplex virus (HSV); cyto- 
megalovirus (CMV); varicella-zoster virus (VZV); Epstein- 
Barr virus (EBV); human herpes virus 6 (HHV-6); the 
enterovirus group, including echoviruses, polioviruses, and 
coxsackieviruses; adenoviruses; JC and BK viruses; arenavi- 
ruses; paramyxoviruses; rabies; and arboviruses. In view of the 
large number of potentially neuroinvasive viruses and because 
of the limited volume of the most useful diagnostic specimen— 
cerebrospinal fluid (CSF)— a number of multiplex PCRs have 
been developed (12-15, 82, 102). 

The feasibility of simultaneous screening for viruses, bacte- 
ria, and parasites in CSF specimens from patients with aseptic 
meningitis or encephalitis has been described (82). This study 
by Read et al. (82) utilized three nested multiplex PCRs for 
detection of HSV and VZV; EBV and HHV-6; and members 
of the enterovirus group and echovirus type 22 and 23. In 
addition, two uniplex PCRs were used for detection of CMV 
and JC virus. In a total of 2,233 CSF specimens from 2,162 
patients, the PCR was positive in 147 specimens from 143 
patients (6.6% of all patients) including enteroviruses (77 pa- 
tients), HSV-1 (20 patients), VZV (7 patients), HSV type 2 
(HSV-2) (6 patients), CMV (3 patients), JC virus (2 patients), 
and HHV-6 (1 patient). All PCR assays remained negative 
with 28 control CSF specimens. The clinical sensitivity and 
specificity of this PCR were not determined because full clin- 
ical information was not available for all of the patients. 

A nested multiplex PCR for detection and differentiation of 
HSV-1 and -2 on the basis of PCR product size has also been 
described (14). In a prospective analysis, a total of 417 CSF 
specimens obtained from 395 consecutive patients with clinical 
suspicion of HSV encephalitis, meningitis, or meningoenceph- 
alitis were tested by multiplex PCR. The test was positive for 
HSV-1 in 11 specimens (2.6%) from 10 patients and for HSV-2 
in 4 specimens (1.0%) from 3 patients; no coinfection with 
both types was reported. The same multiplex PCR was used to 
test a total of 178 CSF samples obtained from 171 patients with 
clinical suspicion of herpes virus infection (15). The assay was 
positive for HSV-1 in three samples (1.7%) from two patients 
(1.2%) and for HSV-2 in one sample, and one patient tested 
positive in a nested uniplex CMV PCR. A similar procedure to 
detect the DNA of both viruses (HSV-1 and -2) was applied to 
CSF samples from 918 human immunodeficiency virus (HIV)- 
infected patients with neurological symptoms (22). In patients 
for whom a diagnosis was confirmed at autopsy, the test was 
positive for HSV-1 or -2 for 19 patients (2%), producing a 
sensitivity and specificity of 100 and 99.6%, respectively. 

The first nested multiplex PCR for detection and typing of 
herpesviruses (HSV-1 and -2, VZV, CMV, HHV-6, and EBV) 
was applied to CSF from patients with meningitis, encephalitis, 
and other clinical syndromes (102). By utilizing equimolar con- 
centrations of primers aligning the 3' ends with one of two 
consensus regions within the herpesvirus DNA polymerase 
gene and the 5' ends with the related or nonrelated sequences 
of each agent to be amplified, the first round of amplification 
yielded a 194-bp fragment indicating the presence of herpes- 



562 ELN1FRO ET AL. 



Clin. Microbiol. Rev. 



TABLE 2. Application of multiplex PCR for diagnosis of viral infections 


Clinical manifesialion(s) 


Specimens) 


Viruses and/or other agents) targeted 


Reference(s) 


Meningitis, encephalitis, 
and/or meningo- 
encephalitis 


CSF 


HSV-1, HSV-2, and CMV 

HSV and VZV; EBV and HHV-6 

HSV-1, HSV-2, VZV, CMV, HHV-6, and EBV 

HSV-1 and HSV-2 

HSV-1, HSV-2, VZV, CMV, HHV-6, EBV, and 
EVs fl 

r\A\7 PRV HHV-fi HHV-7 and HHV-8 
EBV and T. gondii 


14 
81 
102 
15 

12, 13 

77 
87 


Upper and lower 
respiratory infections 


Throat, nose, and nasopharyngeal 
swabs; nasopharyngeal and 
endotracheal aspirates; 
bronchoalveolar lavage 


Influenza viruses A and B 
PIV types 1, 2, ana 3 
Influenza virus and RSV 

ncu, a inH R infhi#r»7a vinic^Q A nnrl R PIV 
KoVS A dllO D y lnilUCIlia vuLuco r\ auu u, ri ▼ 

types 1, 2, and 3 
rCo V, Kl vs, aaenovTrus 

EV, influenza viruses A and B, RSV, PIV types 1 
and 3, adenovirus, M. pneumoniae, 
C. pneumoniae 


30 

77 
i.i 

98 
33 

74 
36 


Conjunctivitis, keratitis, 
keratoconjunctivitis 


Conjunctival and corneal swabs 


HSV-1 and HSV-2 

/\UCI1U VIXUo aliu no v 

Adenovirus, HSV, and C. trachomatis 


15 
49 

Yeo et al. 6 


Genital ulcer disease 


Genital uloer swabs 


HSV, ri . ducreyi, ana i . pallidum 


/, 00, 


Genital lesions 


Lesion and endocervical swabs 


HPVs, HSV, and C. trachomatis 


64 


HPV-associated genital 
disease 


Cervical scrapings, smears, and 
biopsies; vaginal and vulval 
swabs 


HPVs 


23, 35, 56, 75, 97, 123 


Vesicular rashes 


Vesicle fluids 


HSV and VZV 


3 


Hepatitis 


Serum and plasma samples 


HBV genotypes 

HCV, HGV, and GB viruses 


84 
16 


Immunocompromised 
status 


Plasma 
Blood 


HHV-6 and HHV-7 

HIV-1, HIV-2, HTLV-1, HTLV-2 


67 
45 



■ EVs, enteroviruses. 

b Abstr. 97th Gen. Meet Am. Soc. Microbiol., 1997. 



virus. The second round of amplification utilizing primer mix- 
tures contained nonhomologous and type-specific primers se- 
lected from different regions of the aligned DNA polymerase 
genes of human herpesviruses produce a product with a dif- 
ferent size for each related virus. The method amplified the 
corresponding virus in infected cells and in five clinical samples 
(HSV-1 PCR-positive CSF from a patient with encephalitis, 
HSV-2 PCR-positive CSF from a patient with meningitis, VZV 
culture-positive vesicular fluid from a patient with shingles, 
CMV culture-positive urine from a congenitally infected pa- 
tient, and EBV PCR-positive peripheral blood from a patient 
with a lymphoproliferative syndrome). In addition, the use of 
primers targeting consensus regions may allow recognition of 
new, undescribed human herpesviruses. The detection of a 
194-bp fragment after the first reaction with no positive signal 
in the second round of amplification could reflect the detection 
of a new human herpesvirus. The test was further modified to 
include a reverse transcription step and primer pairs to detect 
enterovirus cDNA (12). This PCR was then evaluated in 21 
patients with etiologically well -characterized aseptic meningitis 
and encephalitis. HSV DNA was detected in nine patients, 
VZV DNA was detected in 6 patients, and enterovirus RNA 
was detected in 6 patients. The test was further evaluated for 
detection of these same viruses in CSF samples by a prospec- 



tive study of 200 neurological -disease patients suspected to 
have viral infections. Enterovirus was detected in 49 patients, 
HSV was detected in 3 patients, VZV was detected in 6 pa- 
tients, CMV was detected in 12 patients, EBV was detected in 
2 patients, CMV and HSV were detected in one AIDS patient 
with encephalitis, and CMV and EBV were detected in an- 
other AIDS patient with polyradiculomyelitis. For detection of 
echovirus 30 in 50 patients with aseptic meningitis, the multi- 
plex reverse transcription (RT)-PCR was more sensitive (90% 
sensitivity) than cell culture (26% sensitivity) and the AmpJicor 
EV test (86% sensitivity). These studies demonstrate the utility 
of this multiplex RT-PCR for detection of enteroviruses and 
herpesviruses in CSF samples from patients with various neu- 
rological manifestations and the usefulness of the technique in 
patient management and design of antiviral therapy. 

In the United Kingdom, a. nested multiplex PCR for the 
detection of HSV-1 and -2, VZV, and enteroviruses, the four 
most common causes of viral meningitis and encephalitis, was 
developed and evaluated using a total of 1,683 consecutive 
CSF samples (81). The test was positive in 138 (8.2%) of the 
specimens (enteroviruses in 51 samples, HSV-2 in 33 samples, 
VZV in 28 samples, and HSV-1 in 25 samples). Of the 51 
patients positive for enterovirus RNA, 17 were babies less than 
6 months old in whom the CNS infection was detected as part 
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of a general infection screen and 34 patients were older chil- 
dren and adults who had encephalitis and meningitis. In the 
group positive for VZV (28 patients), 16 patients had menin- 
gitis and 10 had encephalitis but clinical details were not avail- 
able for 2 patients. HSV-1 was detected in two babies less than 
6 months old and in 23 adults (22 had encephalitis and 1 had 
a benign lymphocytic meningitis). The HSV-2-positive patients 
(33 patients) included five babies less than 6 months old, two 
adults with meningoencephalitis, and 26 patients more than 6 
months old with benign lymphocytic meningitis. These tests 
proved suitable for routine use in a diagnostic laboratory and 
highlighted the importance of screening for more than one 
virus in patients with meningitis and encephalitis. 

Although the studies described above (13-15, 81, 82, 102) 
produced satisfactory results in terms of simultaneous screen- 
ing for neurological manifestation-associated viruses (for ex- 
ample herpesviruses), the multiplex PCRs developed utilized a 
nested strategy. The latter as described earlier may increase 
the chance of false-positive results due to contamination and 
may also complicate automation. A recent study (63) utilized a 
PCR assay which precludes the use of nested primers for si- 
multaneous amplification of herpesviruses DNAs. This assay, 
termed consensus PCR, uses a pair of "stair" primers, which 
are based on consensus sequences selected from within the 
DNA polymerase gene and were 76 to 86% identical to the 
genomic sequences of the six herpesviruses (HSV-1, HSV-2, 
CMV, EBV, VZV, and HHV-6) that may infect the CNS. Each 
stair primer used comprised an equimolar mixture of 11 oli- 
gonucleotides corresponding to a consensus sequence: all 
primers had the same 5' end but extended for 20 to 30 nucle- 
otides in the 3' direction. The PCR products were analyzed by 
hybridization in microtiter plates using virus-specific, biotinyl- 
ated oligonucleotide probes. The consensus PCR was evalu- 
ated using 142 CSF samples previously tested by standard 
uniplex PCRs. Eighteen samples (12.7%) tested positive by the 
uniplex PCRs, and 37 (26%) tested positive by the consensus 
PCR including 3 samples that had coinfections (CMV, VZV, 
and HSV-2; VZV and HSV-2; and CMV and HHV-6). Of the 
142 CSF samples, 103 were classified as negative by both the 
uniplex PCRs and the consensus PCR. In addition, the test 
showed high diagnostic utility in that several cases were found 
to be positive for viruses for which tests were not requested by 
the clinician. 

The problem in evaluating all of the aforementioned multi- 
plex PCR studies is that most have not included complete 
patient detail. Thus, while many positive results have been 
related to compatible clinical illness, positive results are not 
reported in all patients with similar conditions. Nevertheless, 
the multiplex PCR detects more positive specimens and is 
more rapid than conventional techniques such as culture or 
serology. However, the latter procedures are either insensitive 
or slow and make an unsatisfactory yardstick ("gold standard") 
against which to measure the accuracy of multiplex PCR. Be- 
cause uniplex PCR has more data available and thus is better 
substantiated as to its clinical value, results of multiplex PCR 
should be compared with those of uniplex PCR to ensure that 
multiplex PCR has equivalent sensitivity, specificity, and clin- 
ical relevance. 

Respiratory Viruses 

Viruses that commonly cause respiratory infection include 
respiratory syncytial virus (RSV), influenza viruses and para- 
influenza viruses (PIV), and adenovirus, especially in infants 
and young children. Infection with these viruses may result in 
severe lower or upper respiratory tract disease requiring hos- 



pitalization. Thus, sensitive and rapid testing for these viruses 
is crucial to reduce the potential of nosocomial transmission to 
high-risk patients, limit unnecessary antibiotic use, and direct 
appropriate therapy following a specific diagnosis (119). For 
this reason, a number of studies have aimed to develop and 
evaluate multiplex PCR for detection of these viruses and 
provided substantial evidence of the utility of this technique as 
an important tool for management of patients presenting with 
respiratory infections. A number of studies have utilized mul- 
tiplex PCR to both detect and type or subtype influenza vi- 
ruses, PIVs, and RSV in clinical specimens and are summa- 
rized below. 

A nested multiplex RT-PCR which included three primer 
pairs in each round of amplification was utilized for the simul- 
taneous detection, typing, and subtyping of influenza type A 
(H3N2 and H1N1) and type B viruses in a prospective surveil- 
lance of influenza in England in the 1995-1996 winter season 
(30). A total of 619 combined nose and throat swabs from 
patients with an influenza-like illness were analyzed by culture 
and multiplex PCR. The multiplex RT-PCR detected influenza 
viruses in 246 (39.7%) samples compared to the 200 (32.3%) 
which yielded influenza viruses in culture. In addition, there 
was excellent correlation between the multiplex RT-PCR and 
culture for typing and subtyping of influenza viruses (100%) 
and for temporal detection of influenza A H3N2 and H1N1 
viruses. It was concluded that whereas the multiplex RT-PCR 
demonstrated its utility in detection of influenza viruses in 
patients with influenza-like illness, patients with influenza-like 
illness who are negative for influenza viruses may harbor a 
pathogen(s) producing a syndrome difficult to distinguish clin- 
ically from true influenza (for example, RSV). Indeed, when 
this multiplex RT-PCR was modified so that it was capable of 
detecting and subtyping influenza A (H1N1 and H3N2) and B 
viruses as well as RSV subtypes A and B in respiratory clinical 
samples (98), the assay again demonstrated excellent (100%) 
correlation with the results of culture and serology. The ability 
of the test to detect viral coinfection in both simulated speci- 
mens and clinical samples was also demonstrated. 

A nested multiplex RT-PCR using three primer pairs was 
developed to detect PIV types 1, 2, and 3 in throat and naso- 
pharyngeal swabs (27). In the first round of amplification, 
similar-size fragments are produced. In the second round of 
amplification a series of three internal primer pairs are intro- 
duced, producing type-specific amplicons that were easily dif- 
ferentiated based on size upon gel electrophoresis. The test 
detected and correctly typed PIV in 15 isolates and 26 of 30 
(87%) previously positive nasopharyngeal specimens but re- 
mained negative in naso- or oropharyngeal specimens and/or 
culture isolates of 33 unrelated respiratory tract pathogens. In 
a modified version, the test was also used to detect RSV and 
adenovirus utilizing five primer sets to amplify cDNA of RSV 
subtypes A and B; PIV types 1, 2, and 3; and DNA of adeno- 
virus types 1 to 7 (74). The test was sensitive and specific for all 
12 tissue culture-grown prototype viruses and when applied to 
respiratory specimens was more sensitive (41 of 112) than 
direct immunofluorescence or antigen detection following cul- 
ture (34 of 112). Among positive samples, multiple respiratory 
viruses were found in four specimens, further illustrating the 
potential utility of this multiplex PCR assay. 

A multiplex quantitative RT-PCR enzyme hybridization as- 
say (Hexaplex; Prodesse, Inc., Milwaukee, Wis.) which com- 
bines primers originating from highly conserved regions of 7 
respiratory viruses (RSV subtypes A and B; PIV. types 1, 2, and 
3; and influenza viruses A and B) with probes for the detection 
of PCR products using enzyme hybridization assay has also 
been described (33). The assay provides rapid simultaneous 
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detection, identification, and quantitation of these viruses in 
nasal wash specimens in a single test. The primer and the 
probes utilized were evaluated using multiple virus isolates 
from each group and resulted in specific PCR products from 
all tissue culture-positive specimens without cross-reactivity 
among these seven viruses or with other common human re- 
spiratory viruses. The Hexaplex assay was applied on nasal 
wash specimens from 69 children with signs of lower respira- 
tory tract infection and 40 specimens from asymptomatic chil- 
dren. Of the 69 specimens from symptomatic children, 37 were 
positive by the Hexaplex assay but only 29 of these were culture 
positive. Both the Hexaplex assay and virus culture were neg- 
ative in the 40 nasal washes from the asymptomatic children. 
The Hexaplex assay was 100% sensitive and 98% specific in 
comparison with virus culture. 

Multiplex PCR in combination with a heteroduplex mobility 
shift assay has proved to be a valuable and cost-effective tool 
for monitoring the emergence of new variants or new subtypes 
of influenza viruses arising through the phenomena of anti- 
genic drift and antigenic shift (125, 126). On the basis of 
amplicon size, the amplification assay differentiates the vari- 
able region of the hemagglutinin genes of the HI and H3 
subtypes of influenza viruses A and B and the counterpart 
(hemagglutinin, esterase, and fusion gene) of influenza virus C. 
Variants within the same type or subtype are then identified by 
heteroduplex mobility shift assay of the amplicons. This ap- 
proach proved to be a rapid, sensitive, and reliable method for 
the detection and typing of influenza virus and for screening 
for influenza virus variants, proving capable of identifying new 
influenza B virus variants (126). 

More recently, it has been demonstrated that multiplex PCR 
is a useful and rapid diagnostic tool for the management of 
children with acute respiratory infections (36). This simplified 
hot start multiplex PCR allows simultaneous screening for nine 
different infectious agents (enterovirus, influenza viruses A 
and B, RSV, PIV types 1 and 3, adenovirus, Mycoplasma pneu- 
moniae, and Chlamydia pneumoniae). The test was evaluated 
using clinical samples from 1,118 children with acute respira- 
tory infections and was positive in 395 (35%) samples. Of 
these, 37.5% were positive for RSV, 20% were positive for 
influenza A virus, 12.9% were positive for adenovirus, 10.6% 
were positive for enterovirus, 8.1% were positive for M. pneu- 
moniae, 4.3% were positive for PIV type 3, 3.5% were positive 
for PIV type 1, 2.8% were positive for influenza B virus, and 
0.2% were positive for Chlamydia trachomatis. Seasonal vari- 
ations in the rates of detection of the different organisms were 
noted. The test demonstrated levels of concordance of 95% for 
RSV and 98% for influenza A virus with the data obtained by 
commercially available enzyme immunoassay. 

Gen i to-Urinary Infections 

The utility of multiplex PCR in diagnosis of viruses associ- 
ated with genital tract infection is reflected by the numerous 
reports detecting and typing human papillomaviruses (HPVs). 
These multiplex PCRs have a variety of formats but with a 
common aim of detecting and typing HPVs. These include 
PCRs which combined primers to produce a type-specific 
product size (97, 103) or those that utilized degenerate primers 
for HPV screening and strain-specific antisense primers for 
simple typing (56). In an alternative protocol, three consensus 
primer pairs simultaneously detected high-risk (for cervical 
carcinoma) HPV type 16 (HPV-16) and HPV-18 and low-risk 
HPV-6 and HPV-11, and primer pairs for more than 40 other 
HPV types were developed (consensus multiplex PCR) (124). 
This approach was considered to be a consensus multiplex 



PCR assay because all the primers are consensus and are 
multiplexed in the same PCR mixture for simultaneous ampli- 
fication. One primer pair amplifies general HPV DNA from 
more than 40 types, including HPV-6, -11, -16, and -18 (450-bp 
PCR product), indicating HPV infection. Another primer pair 
generates a PCR product of 307 bp if HPV-16 and -18 DNA 
are present in the sample (high-risk HPV infection). The third 
consensus primer pair results in a PCR product of 550 bp with 
low-risk HPV infection (HPV-6 and -11). The assay was eval- 
uated on exfoliated cell specimens obtained from 148 healthy 
women, biopsied specimens from 32 patients with condyloma 
acuminata, and biopsied specimens from 76 patients with in- 
vasive carcinoma of the uterine cervix. The multiplex PCR was 
positive in 47 (31.8%) of the samples from the 148 healthy 
women, but most of the positive samples were in samples from 
women infected with HPV types other than HPV-6 and -11 or 
HPV-16 and -18. All samples from patients with condyloma 
acuminata contained HPV DNA but mainly contained HPV- 
6/11 (87.5%), while high-risk HPV had a low prevalence rate 
(6.5%). HPVs were detected in samples from 69 (90.8%) of the 
76 patients with cervical carcinoma, of which high-risk HPVs 
accounted for 82.9%. The method proved to be a simple, 
economical, and reliable tool for detection of HPV infection. 
The simultaneous amplification of the three HPV targets 
should allow rapid approach for distinguishing disease-related 
HPV types: low-risk HPVs (HPV-6 and HPV-11) involved in 
genital, benign lesions, such as warts or condylomas, and high- 
risk HPVs (HPV-16 and HPV-18), which are frequently found 
in malignant lesions of the lower genital tract. This should 
provide valuable information for monitoring and treating pa- 
tients with HPV-related lesions, although the method lacks the 
capability to define individual HPV types, which limits its use- 
fulness in epidemiological investigations. 

Three consensus primers (two sense primers and 1 antisense 
primer labeled with dinitrophenyl) were used in a multiplex 
PCR assay for detection and typing of oncogenic and non- 
oncogenic HPV types (23). The amplification products were 
hybridized with specific labeled oligoprobes mixed in two cock- 
tails (oncogenic and nononcogenic biotinylated HPV oligo- 
probes) which could then be deposited in one well of strepta- 
vidin-coated microplates. PCR products were detected with 
anti-dinitrophenyl monoclonal antibody and horseradish per- 
oxidase (PCR-enzyme immunoassay). The test was evaluated 
in cervical scrapings from 181 patients at high risk for cervical 
cancer selected because of their histories of cytological and/or 
histological cervical and vaginal abnormalities. These patients 
were classified with regard to the presence of lesions in cervical 
scrapings as none (i.e., no lesions; n = 137), low grade (i.e., few 
lesions n = 20), and high grade (i.e., many lesions n = 24). In 
patients without lesions, the multiplex PCR detected nonon- 
cogenic HPV in 29 patients (18.3%) and oncogenic HPV in 44 
patients (32.1%), including 21 (15.3%) patients presenting 
with coinfection. In the low-grade group, oncogenic HPV was 
detected in 12 patients (60%) and nononcogenic HPV was 
detected in 5 patients (25%), including 4 (20%) cases of coin- 
fection. In the high-grade patients, oncogenic HPVs were de- 
tected in 95.8% (23 patients) with coinfection with nononco- 
genic HPV in 4 of these patients (16.7%). The multiplex PCR 
was negative in scrapings from the remaining 93 patients (85 
patients without lesions, 7 patients in the low-grade group, 
and 1 patient in the high-grade group). The authors con- 
cluded that the test is simple and reproducible and can be 
automated. 

Another variation (75) combined a nested multiplex PCR, 
utilizing primers specific for low- or high-risk HPV types with 
restriction endonuclease analysis. The accuracy of this ap- 
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proach was confirmed by examining cervical scrapings from 44 
patients. HPVs were detected and typed in scrapings from 7 
patients with koilocytosis, 8 patients with dysplasia or meta- 
plasia, 3 patients with condyloma acuminata, and 18 patients 
with cervical invasive neoplasia but in no samples from the 
seven healthy controls. More recently, a simple multiplex PCR 
utilizing three primer pairs for amplification of HPV-16, -18, 
and -33 in combination with a colorimetric microplate hybrid- 
ization as a post-PCR detection system has been developed 
(35). The system uses three type-specific capture oligonucleo- 
tides linked covalently to a single microplate well and three 
type-specific multibiotinylated probes for detection. The meth- 
odology was evaluated using a total of 55 cervical smears and 
biopsy samples from 55 women with cervical lesions, resulting 
in 100% correlation with the results of other PCRs using con- 
sensus primers. 

A multiplex PCR that combined the detection of C tracho- 
matis and two viruses (HPV and HSV) was developed, opti- 
mized, and evaluated using cervical and endocervical speci- 
mens from patients suspected to be infected with one or more 
of these agents (64). The test produced 100% correlation with 
the results of the uniplex PCRs in 92 genital swabs (29 were 
positive for HSV, 16 were positive for HPVs, and one was 
positive for C. trachomatis). In addition, a coinfection with 
HPV and HSV was detected by the multiplex PCR. In other 
studies (7, 66, 73), primer pairs for HSV were combined with 
those for Haemophilus ducreyi and Treponema pallidum to con- 
struct a multiplex PCR for diagnosis of genital ulceration. The 
PCR products were detected utilizing a colorimetric detection 
system in which three separate microwells containing immobi- 
lized oligonucleotide capture probes were used. In one of these 
studies (73), the sensitivity of this multiplex PCR in 298 genital 
ulcer swab specimens to detect HSV, H. ducreyi, and T. palli- 
dum were 100, 98.4, and 91%, respectively, compared to 71.8, 
74.2, and 81% by HSV culture, H. ducreyi culture, and dark- 
field microscopy for T. pallidum, respectively. The same mul- 
tiplex PCR was used to evaluate swab specimens from 38 
sequential patients with genital ulcer disease who received 
clinical diagnoses and syndromic treatment (7). These speci- 
mens were also tested for H. ducreyi by culture which was 
reported to be negative for all specimens tested. Of the 38 
specimens, the multiplex PCR detected HSV in 31 specimens 
(81.6%) and HSV and T. pallidum in 1 specimen (2.3%) (coin- 
fection). The test was negative in the remaining six specimens 
(15.8%). The clinical diagnoses corresponded poorly to the 
results of the multiplex PCR for chancroid and syphilis; none 
of the samples from the six suspected cases of chancroid and 
the one case of syphilis were positive for H. ducreyi and T. 
pallidum, respectively, by the multiplex PCR. Of the six clini- 
cally suspected cases of chancroid, the multiplex PCR was 
negative for all pathogens in one case and positive for HSV in 
the remaining five cases. Of 24 clinically suspected cases of 
genital herpes, 21 cases (87.5%) were confirmed by multiplex 
PCR. 

Although clinical findings correlated poorly with multiplex 
PCR results, it is known that the clinical manifestations of all 
three infections can vary significantly (25). A few specimens 
produced negative results for which there may be several pos- 
sible explanations, including ulcers due to trauma, low organ- 
ism numbers, inadequate sampling techniques, and lesions due 
to other etiologic agents. These studies highlight the advan- 
tages of multiplex PCR over standard laboratory techniques 
and allow the detection of coinfection. 
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Ocular Infections 

The benefits of PCR diagnostics over conventional tech- 
niques in the diagnosis of ocular infection are well documented 
for both the anterior and posterior segment of the eye (1, 24, 
31, 80). The development and evaluation of multiplex PCR for 
detection of adenovirus, HSV, and C trachomatis in cases of 
keratoconjunctivitis demonstrated the feasibility of simulta- 
neous screening for these agents (49; A. C. Yeo, R. J. Cooper, 
D. J. Morris, and C. C. Storey, Abstr. 97th Gen. Meet. Am. 
Soc. Microbiol., abstr. 0416, 1997). These studies further high- 
light the difficulties of multiplex PCR and also provide sub- 
stantial evidence for the importance of careful selection of 
oligonucleotide primers. In the study by Jackson et a). (49), a 
multiplex PCR was designed to detect adenovirus and HSV in 
eye swabs. The test produced results identical to those of virus 
isolation for 18 of 20 eye swabs (positive for adenovirus in five 
swabs, positive for HSV for five swabs and negative for ade- 
novirus and HSV in eight swabs) but the remaining two spec- 
imens positive for adenovirus and HSV by virus isolation were 
negative by the multiplex PCR. However, the multiplex PCR 
proved superior to culture for the rapid diagnosis of viral 
keratoconjunctivitis. Replacement of the adenovirus primer 
pair to allow broader reactivity with adenovirus serotypes and 
inclusion of a primer pair targeting the cryptic plasmid of 
C. trachomatis (A. C. Yeo, R. J. Cooper, D. J. Morris, and 
C. C. Storey, Abstr. 97th Gen. Meet. Am. Soc. Microbiol., 
abstr. C-146, 1997) yielded a triplex multiplex PCR. The sen- 
sitivity of this adenovirus-HSV-C. trachomatis multiplex PCR 
in comparison to a uniplex PCR for the detection of adenovi- 
rus was 100%. However, the performance of the test to detect 
either HSV or C. trachomatis was relatively poor (69% com- 
pared to cell culture or 72% compared to an antigen detection 
technique). Selection of alternate HSV and C. trachomatis 
primer pairs allowed development of a multiplex PCR with 
identical sensitivity to that of uniplex PCRs for detection of 
each of the three targets. 

Immunocompromised Patients 

Due to the importance of HHV infections in immunocom- 
promised patients, a number of authors have developed meth- 
ods for the simultaneous detection of these viruses in various 
clinical specimens. Two different genes of CM V were detected 
with a single-step multiplex PCR in clinical specimens from 
renal transplant recipients and other CMV-seropositive pa- 
tients (11). The test was sensitive and allowed monitoring of 
CMV infection by quantitation of CMV DNA. The latter was 
based on the assumption that samples with small amounts of 
viral DNA are more likely to lead to the amplification of only 
one of the two targets. Samples from which a single target is 
amplified contain on average sevenfold fewer viral genomes 
per 10 6 leukocytes than those from which both targets are 
amplified. This approach was evaluated on serial leukocyte 
DNA samples taken from 34 patients during the first 12 weeks 
post-renal transplantation, and it was concluded that findings 
of three consecutive tests in which both CMV targets were 
amplified were highly indicative of patients who had developed 
a very high load of CMV with a sensitivity of 100% and spec- 
ificity of 88%. Thus, the protocol can be used for efficient 
identification of transplant recipients at risk of clinically sig- 
nificant infection. A similar PCR format was used to develop a 
multiplex PCR for amplification of four different regions of 
the CMV genome (61). The test sensitivity for detection of 
genomic cell DNA infected with CMV was similar to that 
obtained by each pair of the primers (uniplex PCRs). The test 



566 ELNIFRO ET AL. 



Clin. Microbiol. Rev. 



proved to have a high diagnostic utility for detection of CMV 
variants with maximal sensitivity and specificity. 

In heart transplant recipients a hot start nested multiplex 
PCR was used to evaluate the possible reactivation of HHV-6 
and HHV-7 (67). The test was also coupled with CMV anti- 
genemia assay and HSV isolation. The multiplex PCR was 
performed on buffy coat and plasma samples from the 21 
recipients and on buffy coat samples from healthy blood do- 
nors. Whereas 12 of 21 (57.1%) heart transplant recipients 
showed CMV and/or HSV reactivation, HHV-6 was detected 
in 2 of 21 (9.5%) of the recipients and in 7 of 56 (12.5%) blood 
donors. HHV-7 DNA was detected in 13 of the 21 recipients 
(61.9%) and in 30 of 56 (56.6%) blood donors. One of the 
patients positive for HHV-6 and 10 of those positive for 
HHV-7 were positive for CMV. The clinical significance of 
these concurrent infections remains to be determined, but 
their detection further highlights the utility of multiplex PCR 
in investigation of transplant patients. 

Detection and typing of all human lymphotropic herpesvi- 
ruses (EBV, CMV, HHV-6 variants A and B, HHV-7, and 
HHV-8) utilizing primer pairs designed to amplify a highly 
conserved region within the DNA polymerase gene have also 
been described (77). The test also included an internal control 
(100 molecules of a cloned fragment of the porcine pseudo- 
rabies herpesvirus genome) for detection of false-negative re- 
sults. The test revealed a sensitivity of 10 to 100 molecules of 
each virus DNA and produced a 100% correlation in a total of 
35 well-characterized specimens in which one of these viruses 
was known to be present, including Kaposi's sarcoma skin 
lesions and serum, CSF, saliva, and urine samples. 

Simultaneous detection of EBV and the protozoa Toxo- 
plasma gondii in CSFs of AIDS patients with EBV-associated 
primary nervous system lymphoma and toxoplasma encephali- 
tis has been described (87). This multiplex PCR detected EBV 
DNA in 9 of 14 patients with CNS lymphoma and in 2 of 38 
patients without disease and T. gondii DNA in 8 of 8 patients 
with toxoplasma encephalitis but in none without toxoplasmo- 
sis. 

The major problem with the use of PCR in specimens from 
immunocompromised patients is the relationship of positive 
results to clinical disease. This is particularly difficult with her- 
pesviruses, because positive PCR results may not always be 
accompanied by signs or symptoms in the patient. This can 
leave the clinician in a dilemma of whether or not to treat. Two 
approaches have been used to address this problem. Quanti- 
tative PCR can be used to measure viral load with the expec- 
tation that a high viral load is likely to herald clinical disease. 
The other approach is to test sequential specimens and only 
recommend treatment if positive results persist rather than 
responding to what may be a transient reactivation of a her- 
pesvirus. Multiplex PCR may be readily applied to the latter 
situation, but multiplex quantitative PCR remains a formidable 
technological challenge. 

Other Applications 

A number of studies have utilized multiplex PCRs for de- 
tection and differentiation of human retroviruses (45, 46, 99, 
111). Four primer pairs were combined to detect the gag region 
of HIV type 1 (HIV-1), the env region of HIV-2, the/?o/ region 
of human T-cell leukemia virus type 1 (HTLV-1), and the tax 
region of HTLV-2 (45). Amplicons were detected by liquid 
hybridization using * 2 P-end-labeled oligonucleotides. In the 
evaluation of a serologically well-established panel of singly 
and dually infected individuals, the assay detected 21 of 22 
HIV-1, 8 of 10 HIV-2, 8 of 8 HTLV-1, and 8 of 8 HTLV-2 



infections. The test was as sensitive as uniplex PCRs and al- 
lowed the detection of coinfection. Sunzeri et al. (99) devel- 
oped a multiplex PCR utilizing primer pairs targeting a portion 
of the gag region of HIV-1, thepo/ gene of HTLV-1 and -2, and 
a region of the HLA-DQ-ot locus as an internal control. Prod- 
ucts were analyzed by automated capillary DNA chromatog- 
raphy (products can also be separated and visualized using gel 
electrophoresis and ethidium bromide staining). The test de- 
tected as few as 1 to 10 infected cells (2 to 20 target sequences) 
and was as sensitive as uniplex PCRs. 

Several studies have highlighted the potential use of PCR in 
screening donated blood for transfusion-transmitted viruses 
(48), but the need for multiple, discrete PCR assays for achiev- 
ing this purpose has restricted such an application. Uniplex 
PCR would be an impractical approach for rapid screening of 
hundreds of specimens per day for a range of transfusion- 
transmitted viruses. Multiplex PCR presents a more practica- 
ble solution to the problem, and the methodology is sensitive 
enough to diagnose silent (serologically negative) carriers of 
viruses such as HIV, HTLV, and other nonretroviral transfu- 
sion-transmitted viruses, including hepatitis B virus (HBV), 
HCV, and CMV. 

Multiplex PCR offers a cost-effective solution which, with 
refinement and full automation would allow screening of the 
donated blood supply. Indeed, a recent study (106) demon- 
strated the promise of multiplex PCR automation for both 
rapid and reliable screening of transfusion-transmitted viruses 
in donated blood and transplantable tissues. A hot start mul- 
tiplex PCR was developed to identify and determine the abun- 
dance of HIV-1, HIV-2, and HTLV-1 and -2. Viral DNA 
sequences were amplified in a single reaction, and the resulting 
amplicons were detected in real time by the hybridization of 
four differently colored, araplicon-specific detector probes 
called molecular beacons present within the same reaction 
tube. The color of the fluorescence produced during the am- 
plification process identified the retrovirus present in the sam- 
ple, and correlation of the thermal cycles required with the 
intensity of each fluorescent signal developed provides an ac- 
curate measure of the number of virus sequences present in the 
original sample. The test had a sensitivity of 10 retroviral 
genomes in the presence of 100,000 copies of another retrovi- 
rus, and up to 96 samples can be analyzed in 3 h on a single 
plate. The test was also evaluated using 43 human blood sam- 
ples known to contain human retroviruses and produced 100% 
agreement in 11 samples positive for HIV-1, 4 samples positive 
for HIV-2, 15 samples positive for HTLV-1, and 17 samples 
positive for HTLV-2, and the 10 control samples remained 
negative for all targets. 

Multiplex PCRs for other transfusion-transmitted viruses 
have also appeared in the literature. A multiplex PCR which 
detects both HBV and HBC genomic sequences in serum sam- 
ples has been developed (71). The test is carried out in two 
stages. HCV RNA is first reverse transcribed into cDNA, and 
both HCV cDNA and HBV DNA are then coamplified using 
primers that target conserved sequences from both viruses. 
The test was applied to sera from nine donors, of which seven 
were positive for HBsAg, anti-HBc, and anti-HCV; one was 
reactive for both anti-HCV and anti-HBc; and one was reactive 
for both HBsAg and anti-HBc. The multiplex PCR produced 
results confirming the presence of both HBV- and HCV-spe- 
cific genomic sequences in eight of eight sera reactive for the 
serological markers of both viruses and also in a serum that 
was reactive for HBV markers only. The method was modified 
to include primers that target the HCV 5' untranslated region 
and HBV pre-S and S region in a one-step multiplex PCR 
method. This modification allowed a simple simultaneous am- 
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plification of both viruses with 100% concordance with its 
respective unipiex PCRs (47). 

HCV and GB virus type C (GBV-Q/HGV genomes in 
plasma samples from transfused subjects have also been am- 
plified by a multiplex PCR (16). The test was evaluated retro- 
spectively in 50 plasma samples in comparison with the results 
of serology. Of the 50 samples, 40 were positive for anti-HCV 
and 10 samples remained antibody negative. The multiplex 
PCR and the corresponding unipiex PCR produced identical 
results, being positive for HCV RNA in 32 samples of the 40 
anti-HCV positive samples. GBV-C RNA was detected in 5 of 
the 32 HCV-positive samples (connection) and in 2 of 10 
samples that were anti-HCV negative. More widespread ap- 
plication of multiplex PCR aimed at detecting transfusion- 
transmitted viruses and/or other pathogens will demand thor- 
ough optimization and full automation of procedures to avoid 
the production of both false-positive and false-negative results. 
The demands of transfusion medicine of high-speed, high- 
throughput screening will place great technical demands upon 
these procedures. 

Multiplex PCR methodology has also proven to be a valu- 
able tool for differentiation, subgrouping, subtyping, and geno- 
typing of viruses (10, 29, 78, 84, 121). Differentiation of polio- 
viruses from nonpoliovirus enteroviruses in both clinical 
(stool) and environmental (sewage) specimens has been feasi- 
ble using RT-multiplex PCR (29). Stool or sewage specimens 
are first inoculated onto cell cultures in tubes, and after over- 
night incubation the cultures are subjected to RT-multiplex 
PCR. A primer pair detecting all enteroviruses in the presence 
of another two primer pairs specific for the polioviruses was 
tested. The enterovirus-specific primer pair generated a prod- 
uct size of 300 bp, and the poliovirus-specific primer pairs 
generated three different PCR products of 200, 600, and 1,000 
bp, assuring easy identification on agarose gels. The result is 
interpreted as "nonpolio enterovirus" if only the enterovirus- 
specific PCR product (300 bp) is observed; as "poliovirus" if 
both the enterovirus-specific product (300 bp) and at least one 
of the polio-specific products are observed (200, 600, and 1,000 
bp); or as "no enterovirus" if the multiplex PCR remains neg- 
ative for all products. A total of 36 poliovirus strains produced 
the expected results by the multiplex PCR, consistent with 
polioviruses, and only one isolate (coxsackievirus A21) of 45 
nonpoliovirus strains demonstrated a band with a poliovirus- 
specific primer pair. The protocol revealed a sensitivity of 3 
PFU, could be interpreted within 24 h, and was highly insen- 
sitive to substances in the sample (stool and sewage) which 
inhibit cell culture isolation. 

A multiplex RT-PCR that simultaneously identifies Sabin 
poliovirus types 1, 2, and 3 vaccine strains has been described 
(10). This hot start-based multiplex PCR was a modification of 
a procedure previously described (121). The assay utilized 
three serotype-specific primer sets that map to the region of 
the poliovirus genome encoding the amino terminus of the 
VP1 capsid protein, a region known for its heterogeneity 
among the three Sabin poliovirus serotypes. In a total of 195 
stool samples collected from 26 vaccinees following adminis- 
tration of the first dose of the trivalent oral vaccine, the mul- 
tiplex PCR was more sensitive than culture for the detection of 
poliovirus types 1, 2, and 3. The percentages of specimens 
positive by the multiplex PCR for serotypes 1, 2, and 3 were 
67.2, 82.6, and 53.8%, respectively, compared to 55.4, 64.1, and 
27.7% by virus isolation. The duration of recovery of positive 
samples by PCR varied according to serotype: 4 to 8 weeks for 
type 2 and 1 to 8 weeks for types 1 and 3, although poliovirus 
type 3 shedding ceased in approximately 70% of vaccinees 
within a week after immunization. This modified multiplex 



PCR allows direct characterization of the virus in stool speci- 
mens without cell culture— a process which may, through the 
selection of genetic variants, not accurately represent the virus 
population in the original specimens. 

Human adenoviruses in clinical samples were detected with 
six primer pairs specific for all adenovirus subgenera (A to F) 
(78). Each primer pair consists of a primer derived from the 
subgenus-specific sequences and a primer that targets a con- 
served hexon region, obviating the need for restriction endo- 
nuclease analysis. The six subgenus-specific amplicons were 
distinguishable by agarose gel electrophoresis as products of 
299, 465, 269, 331, 399, and 586 bp representing, respectively, 
those of adenovirus subgroup A to F. The test revealed a 
detection limit of a single copy of adenovirus DNA. The 
primer pairs produced 100% specificity when evaluated on 23 
adenovirus prototypes, representing all six subgenera; on 9 
intermediate strains from subgenera B and D; and on 16 sub- 
genus C genome types. In clinical specimens, the test was 
positive for adenovirus in 26 of 65 stool specimens (4 samples 
belonging to subgroup A, 2 samples belonging to subgroup B, 
6 samples belonging to subgroup C, 13 samples belonging to 
subgroup F, and 1 sample showing coinfection with subgroup C 
and F), in 13 of 23 eye specimens (1 sample belonging to 
subgroup B, 10 samples belonging to subgroup D, and 2 sam- 
ples belonging to subgroup E), and 2 of 12 throat specimens 
(belonging to adenovirus subgroup B). Of significance, the test 
has clinical value as can be highlighted by its discrimination of 
adenovirus subgroup D, which causes the severe and highly 
contagious epidemic keratoconjunctivitis, from subgroup B 
and E adenoviruses, which may cause relatively mild ocular 
infections. The test could also facilitate the primary classifica- 
tion of unknown virus isolates. 

Multiplex PCR has also proved to be a valuable tool for 
genotyping HBV strains (84). The first round of amplification 
utilizes a primer pair to amplify the entire pre-S region of the 
virus genome. Within the pre-S region nucleotide exchanges 
are observed that are partly correlated to the serological sur- 
face antigen subtypes. In the second round of amplification, 
five additional subtype-specific primers and two universal non- 
group-specific primers are added to generate two to four DNA 
fragments of defined sizes indicative for the subtype. The 
method proved to be a useful epidemiological tool for studying 
HBV transmission and may be adapted to genomes of other 
infectious agents demonstrating a suitable degree of sequence 
variability. 

Other applications of multiplex PCR include maximizing the 
inclusivity of PCR-based assays to detect viral strains (11, 51, 
61, 93), exploring genetic reassortment among viruses (90), 
studying association of virus with disease (105), studying virus 
pathogenesis (6), exploring mechanisms of virus evasion and 
interference with the host's immune response (41), and facili- 
tating the detection and characterization of viruses and other 
pathogens retrospectively in diverse archival specimens of lim- 
ited volumes (2). In addition, the methodology has proved to 
be a powerful tool for characterization of nonhuman viruses 
(50, 70, 85, 104, 114, 116). 

CONCLUSION AND PERSPECTIVES 

Optimization of multiplex PCRs can prove difficult. A step- 
wise matrix-style approach may be followed; i.e., a number of 
optimal primer pairs are combined and the combination giving 
the best result is then chosen to be optimized or evaluated in 
a multiplex PCR format. Alterations of other PCR compo- 
nents over those usually described for most unipiex PCRs have 
rarely improved the efficiency of the test. Recent developments 
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in PCR technology, however, may facilitate the development of 
multiplex PCRs. The most appropriate of these seems to be the 
use of the nonraechanical hot start PCR (8, 53). 

Thorough evaluation and validation of new multiplex PCR 
procedures is essential. The sensitivity and specificity must be 
thoroughly evaluated using standardized, purified nucleic ac- 
ids. Where available, full use should be made of external qual- 
ity control materials, and both external and internal quality 
controls must be rigorously applied. These must include the 
provision of both negative control specimens and, for each 
nucleic acid target, a positive control designed to ensure early 
signalling of any reduction in test sensitivity from assay to 
assay. As the number of microbial agents detectable by PCR 
increases, it will become highly desirable for practical purposes 
to achieve simultaneous detection of multiple agents that cause 
similar or identical clinical syndromes and/or share similar 
epidemiological features. In addition, attention should be 
given to primer pairs detecting multiple strains or types to 
ensure the identification of as many strains of the target species 
as possible. Where possible, robust (i.e., reliable in routine 
diagnostic settings) multiplex PCRs that do not use nested 
primers are preferable to avoid contamination (122), to ratio- 
nalize use in routine settings, and to facilitate automation 
(HO).. 

Commercial development of PCR has facilitated the wide- 
spread introduction of this procedure and improved both the 
reliability and ease of use of the technology. Commercially 
available applications of multiplex PCR are as yet in their 
infancy. While many commercially available PCRs include ei- 
ther internal control molecules or reporter molecules as inter- 
nal standards within the test, the primer binding targets of both 
internal control and target nucleic acids are the same. Thus, 
although two molecules are amplified in the PCR, this is not 
true multiplexing. To date a multiplex PCR for Neisseria gon- 
orrhoea and C. trachomatis represents the sole commercial 
multiplex PCR from Roche Diagnostics, and Argene Biosoft 
(Ariege, France) produces a multiplex PCR for detection of 
HHVs. Undoubtedly, many more commercial applications of 
multiplex PCR may be anticipated, and when coupled with 
developments in microelectronic detection devices (58) the 
prospect of extra! aboratory "at -the -bedside" multiplex PCR 
testing may be envisaged. Given the advantages already dem- 
onstrated by the use of multiplex PCR along with the recent 
developments in this technology, future applications of PCR, 
when possible, should be aimed at constructing multiple de- 
tection systems in which a number of clinically and epidemio- 
logically relevant pathogens (viruses, bacteria, parasites, 
and/or fungi) may be detected, characterized, and/or inevitably 
uncovered in a symptom- and/or system-specific manner. 
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Abstract 

Real-time reverse franscription-polymerase chain reaction (RT-PCR) is currently considered the most sensitive method to study low 
abundance gene expression. Since comparison of gene expression levels in various tissues is often the purpose of an experiment, we studied a 
tissue-linked effect on nucleic acid amplification. Based on the raw data generated by a LightCycler instrument, we propose a descriptive 
mathematical model of PCR amplification. This model allowed us to study amplification kinetics of four common housekeeping genes in 
total RNA samples derived from various bovine tissues. We observed that unknown tissue-specific factors can influence amplification 
kinetics but this affect can be ameliorated, in part, by appropriate primer selection. 
© 2003 Elsevier Ltd. All rights reserved. 

Keywords: Quantitative polymerase chain reaction; Real-time reverse transcription- polymerase chain reaction; Gene expression; Housekeeping genes; 
Ubiquiun; 3-actin; GAPDH; 18S rRNA 



1. Introduction 

Reverse transcription -polymerase chain reaction (RT- 
PCR) is the method of choice for quantifying low abundant 
mRNAs in material such as cells and tissues [1-4]. This 
method is fast and highly reproducible. Further, its high 
sensitivity is its principal advantage over other techniques. 

In real-time PCR the quantification takes place within an . 
exponential phase of the amplification curve |5 j. A crossing 
point (CP) or threshold cycle (Ct) is then extrapolated to 
determine a starting amount of template molecules. The CP 
gives the researcher the first raw information about the 
expression level of a given gene. 

All methods of gene quantification report their findings 
relative to a measurable base (e.g. copies per cell, weight of 
tissue, volume of blood, etc.). The correct choice of the 
denominator depends on the question asked and can 
significantly affect the quality of the results [6]. To obtain 



Abbreviations: RT-PCR, reverse transcription -polymerase chain 
reaction; CP, crossing point; GAPDH, glyceraldehyd-3-phosphate 
dehydrogenase; FDM, first derivative maximum; SDM, second derivative 
maximum. 
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an actual number of copies, various * absolute' standards are 
often employed [7-9], but even in these cases, the 
quantification is always relative as some errors in a protocol 
are inevitably present [6,10]. So called housekeeping or 
maintenance genes [11] such as actins, tubulins, albumins, 
ubiquitin, glyceraldehyd-3-phosphate dehydrogenase 
(GAPDH), 18S or 28S ribosomal subunits (rRNA) are 
often used as relative standards [12]. These genes are 
believed to undergo little, if any, variation in expression 
under most experimental treatments. Yet, there have been 
many reports on the regulation of these genes [12- J 4]. 

Another important criterion for reliable measurement 
and comparison of more than one gene is that all of the 
genes amplify equally. Experiments using normalization 
with housekeeping genes often overlook this parameter 
despite the fact that corrections have already be suggested in 
the literature [15-19]. 

Many factors present in samples as well as exogenous 
contaminants have been shown to inhibit PCR (review in 
Refs. [20.21]). For example, the presence of hemoglobin, 
fat, glycogen, cell constituents, Ca 2+ , DNA or RNA 
concentration, and DNA binding proteins are important 
factors [20.21]. Additionally, exogenous contaminants such 
as glove powder and phenolic compounds from 
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the extraction process or the plastic ware can have an 
inhibiting effect [20,21 J. 

Since some experiments compare gene expression in 
different organs [9,22], tissue-specific inhibition of DNA 
amplification may be important. To study the amplification 
inhibition associated with three randomly chosen tissue 
types we proposed a mathematical model describing the 
DNA amplification kinetics in real-time PGR. Using this 
model we could compare parameters of the amplification 
kinetics and analyze them statistically. 



2. Materials and methods 

2.7. Preparation of cDNA samples 

Samples of cerebellum, muscle and liver were gathered 
from six slaughtered cows, immediately frozen in liquid 
nitrogen and then stored at -80°C until the total RNA 
extraction procedure was performed. 

Tissue samples were homogenized and total RNA was 
extracted with a commercially available product, peqGOLD 
TriFast (Peqlab, Erlangen, Germany), utilizing a single 
modified liquid separation procedure [23]. No additional 
purification was performed. Constant amounts of 1000 ng of 
RNA were reverse-transcribed to cDNA using 200 units of 
MMLV Reverse Transcriptase (Promega, Mannheim, 
Germany) according to the manufacturers instructions. 

Integrity of the DNA was determined by electrophoresis 
on 1% agarose gels. Nucleic acid concentrations were 
measured on a spectrophotometer (BioPhotometer, Eppen- 
dorf, Hamburg, Germany) at OD 26 onm with 220-1600 nm 
UVettes (Eppendorf). Purity of the RNA extracted was 
determined as the OD 26 o nJOD 2 &o nm ratio with expected 
values between 1.8 and 2.0 (BioPhotometer). A possible 
trend between the samples and their OD 2 6o nir/OD 2 8o nm 
values was examined. 

2.2. Real-time PCR fluorescence data acquisition 

Primer sequences of four common housekeeping genes; 
ubiquitin, P-actin, GAPDH and 18S rRNA were designed to 



span at least one intron (except for 18S rRNA) and 
synthesized commercially (MWG Biotech, Ebersberg, 
Germany) as shown in Table 1. PCR conditions were 
optimized on a gradient cycler (T-Gradient, Biometra, 
Gottingen, Germany) and subsequently on a LightCycler 
(Roche Diagnostic, Mannheim, Germany) [24J by analyzing 
the melting curves of the products [25]. Real-time PCR using 
SYBR Green I technology [26] on the LightCycler was then 
carried out to amplify cDNAs from the tissue samples. 

Master-mix for each PCR run was prepared as follows: 
6.4 uJ of water, 1 .2 u-1 MgCl 2 (4 mM), 0.2 uJ of each primer 
(4 pmol), 1.0 jjlI Fast Start DNA Master SYBR Green I mix 
(Roche Diagnostics). Finally, 9 u,l of master-mix and 25 ng 
of reverse transcribed total RNA in 1 u.1 water were 
transferred into capillaries (end volume 10 

The following amplification program was used: After 
10 min of denaturation at 95 °C, 40 cycles of real-time PCR 
with three-segment amplification were performed with: 15 s 
at 95 °C for denaturation, 10 s at respective annealing 
temperature (Table 1) and 20 s at 72 °C for elongation. A 
melting step was then performed with slow heating starting 
at 60 °C with a rate of 0.1 °C/s up to 99 °C with continuous 
measurement of fluorescence. The same gene was always 
quantified in each run to prevent any inter-run variation. 

Fluorescence data from real-time PCR experiments were 
taken directly from LightCycler software version 3 (Roche 
Diagnostics), exported to SigmaPlot 2000 (SPSS, Munich, 
Germany) and fitted with a 'Four-parametric sigmoid 
model" as described earlier by our group [27]. Parameters 
a, b, xq and y 0 of each fit were documented together with the 
coefficient of determination r 2 . 

All statistics were done in SigmaPlot 2000 (SPSS) and 
SigmaStat 2.0 (SPSS, Jandel Corporation). 

2.3. Crossing point (CP) acquisition 

On each individual real-time PCR run, five different CPs 
were acquired based on different determination procedures. 
First, the CP was placed into the first derivative maximum 
(FDM SM = x 0 ) and into the second derivative maximum of 
the four-parametric sigmoid model (SDM SM ) of each run as 
shown earlier [27]. 



Table 1 



Details of primers used to amplify four housekeeping genes 


Gene 


Primers 


Sequence length (bp) 


Annealing temperature (°C) 


Ubiquitin 


for: AGA TTC AGG ATA AGG AAG GCA T 


198 


60 


rev: GCT CCA CCT CCA GGG TGA T 






GAPDH 


for: GTC TTC ACT ACC ATG GAG AAG G 


197 


58 




rev: TCA TGG ATG ACC TTG GCC AG 






18S rRNA 


for. GAG AAA CGG CTA CCA CAT CCA A 


338 


60 




rev: GAC ACT CAG CTA AGA GCA TCG A 




60 


p-actin 


for AAC TCC ATC ATG AAG TGT GAC G 


234 


rev: GAT CCA CAT CTG CTG GAA GG 
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Table 2 

Two-way ANOVA 
Factor 

Tissue 
Gene 

Tissue -gene interaction 



0.01 
<0.001 
0.004 



b 

<0.001 
<0.001 
<0.001 



FDMsm 

0.004 
<0.00l 
<0.001 



SDMsm 

0.02 

< 0 001 

< 0.001 



FPlc 

0.005 
<0.001 
<0.00l 



SDMlc 

0.008 
< 0.001 
<0.001 



CP Tm 

0.004 
<0.001 
<0.001 



P-values of significance. Each of three rows indicates either one of factors or their interaction. In columns, P-values of effect of factors (or interaction) on 
respective parameter are shown. 



Further, CP was computed using the 'Fit point method 1 
(FPuc) [5] and "Second derivative maximum method' 
(SDMlc) [5,28], both part of the LightCycler software 3.3 
(Roche Diagnostics). In the FPlc method, uninformative 
background fluorescence observations were discarded by 
setting a constant noise band. An intersecting line was then 
arbitrarily placed at the base of the exponential portion of 
the amplification curves. This generated CPs acquired at a 
constant fluorescence level (value 2 in our case). 

In the SDMlc method the second derivative maximum is 
calculated by LightCycler software based on an unknown 
and unpublished mathematical approximation of partial 
amplification kinetics around the supposed SDM L c [5,28]. 



The FPlc and SDMlc were directly obtained from the 
calculated values by the LightCycler software 3.3 (Roche 
Diagnostics). 

Eventually, the 'Taqman threshold leveV (Ct) or CP [29] 
computing method was simulated by fitting the intersecting 
line upon the 10 times value of ground fluorescence 
standard deviation (CP Tm ). In the 'Taqman threshold 
level 1 procedure, the yo values of the four-parametric 
sigmoid model were considered ground fluorescence. 

While parameters a and b describe amplification kinetics, 
FDM SM , SDM^, FP LC » SDMlc. and C? Tm are considered 
quantification parameters since they are clearly defined 
constants within the model. 



Table 3a , v£ 

Statistically processed parameters a,b, FDMsm. SDM sm . FPlc , SDMlq CP Tm , and r 2 of ubiquitin amplification 

Tissue 

Cerebellum 

Liver 

Muscle 

Meantaui 

CV^^ (%) 
(%) 

P-values of significance. Each of three rows indicates either one of factors or their interaction. In columns, P-values of effect of factors (or interaction) on 
respective parameter are shown. 





a 


b 


FDMsm 


SDMsm 


FPlc 


SDMu: 


CP Tro 


r 2 


Mean 


43.118 


1.950 


25.649 


23.082 


20.180 


21.817 


22.680 


1.000 


CV(%) 


9.56 


1.17 


1.31 


1.50 


2.13 


1.43 


1.77 


0.004 


Mean 


39.355 


2.004 


26.184 


23.545 


20.688 


22.288 


22.597 


1.000 


CV(%) 


7.79 


1.62 


1.43 


1.64 


1.73 


1.79 


1.47 


0.010 


Mean 


41.958 


2.064 


26.443 


23.725 


20.637 


22.487 


25.370 


0.999 


CV(%) 


5.40 


2.25 


0.81 


0.94 


1.52 


1.15 


0.67 


0.018 


41.477 


2.006 


26.092 


23.450 


20.502 


22.197 


23.549 


1.000 




7.58 


1.68 


1.18 


1.36 


t.79 


1.46 


1.30 


0.011 




4.65 


2.85 


1.55 


1.41 


1.36 


1.55 


6.70 


0.014 



Statistically processed parameters a,b, FDM SM , SDMsm. FPlq SDMlc, CP Tm , and r 2 of GAPDH amplification 



Tissue 




a 


b 


FDMsm 


SDM S m 


FPlc 


SDMlc 


CP-rm 


r 2 


Cerebellum 


Mean 


47.223 


2.075 


23.663 


20.930 


18.185 


19.583 


20.483 


0.998 


CV {%) 


11.48 


1.43 


1.14 


1.36 


1.90 


1.43 


2.01 


0.009 


Liver 


Mean 


46.675 


2.094 


24.936 


22.179 


19.322 


20.868 


21.580 


0.998 


CV (%) 


6.39 


2.75 


1.61 


1.97 


2.09 


2.21 


2.20 


0.020 


Muscle 


Mean 


52.415 


2.228 


21.588 


18.653 


15.800 


17.440 


16.377 


0.997 


CV(%) 


3.79 


2.94 


3.30 


4.08 


4.70 


4.06 


4.48 


0.032 


Meantouj 
CVii,-^ (%) 


48.771 


2.132 


23.396 


20.587 


17.769 


19.297 


19.480 


0.998 




7.22 


2.37 


2.02 


2.47 


2.90 


2.57 


2.89 


0.020 




6.50 


3.92 


7.22 


8.68 


10.12 


8.98 


14.08 


0.068 



Rvalues of significance. Each of three rows indicates either one of factors or their interaction. In columns, P-values of efTect of factors (or interaction) on 
respective parameter are shown. 
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Tabic 3c 

Statistically processed parameters a,b, FDM SM » SDMsm, FPlc, SDMlc. CP Tm , and r 2 of!8S rRNA amplification 

Tissue a b FDMsm SDM sm FPlc SDMlc CP^ r 2 



Cerebellum Mean 49.782 2.701 15.274 11.717 9.518 10.556 10.923 0.996 

CV(%) 3.76 5.33 3.64 6.26 6.32 5.83 6.17 0.047 

Liver Mean 53.544 2.897 14.669 10.854 8.638 9.809 9.185 0.996 

CV(%) 3.35 2.55 9.01 12.21 12.28 12.38 11.15 0.040 

Muscle Mean 55.943 2.752 15.369 11.744 9.250 10373 10.267 0.997 

CV(%) 2.67 2.31 5.61 7.76 8.32 7.94 7.75 0.041 

Meaiw 53.090 2.784 15.104 11.439 9.135 10.313 10.125 0.996 

CV^^ (%) 3.26 3.40 6.09 8.74 8.97 8.72 8.36 0.042 

CV out . bttllt (%) 5.85 3.66 2.51 4.43 4.94 4.23 8.67 0.019 

P-values of significance. Each of three rows indicates either one of factors or their interaction. In columns, /'•values of effect of factors (or interaction) on 
respective parameter are shown. 



2 A. Statistical evaluation of model parameters 

Two-way ANOVA with tissue as the first factor of three 
levels (cerebellum, muscle and liver) and gene as the second 
factor of four levels (ubiquitin, P-actin, GAPDH, 18S 
rRNA) was applied to the parameters a> b y FDM SM , SDM^, 
FP LC , SDMlc ^ CP Tm (Table 2). Normal distribution was 
given within the data sets. 

For all above-mentioned parameters and r 2 following 
statistical indicators were calculated (Tables 3 a -3d) 

• Interaction mean (i.e. from the six values within one 
level of factor gene and one level of factor tissue) and 
interaction coefficient of variance-CV. 

• Total mean (mean touJ ) out of 18 values (always six 
samples in three tissues) for each factor gene. 

• Mean value out of three CVs (CV in _ tis$ue ) reporting 
internal variance within all three tissue levels. 

• Coefficient of variance out of three interaction means 
(CVout.tfssue) showing a variability caused by factor tissue. 



3. Results and discussion 

All primers used could satisfactorily amplify the flanked 
sequence. The melting curve analysis and gel analysis detected 



very little, if any, nonspecific product We approximated the 
PCR amplification kinetics with the four-parametric sigmoid 
model. This model describes well (in all data sets 
r 2 > 0.99, n — 40) the entire fluorescence curve and therefore 
its beginning and end do not need to be arbitrarily delimited 
[19]. Nevertheless, correlation between values of b and r 2 
showed that there were differences in the goodness of the fit 
(Pearson correlation coefficient r — 0.915, n = 72). The best 
fit was in runs with high amplification efficiencies. With 
decreasing amplification efficiency the determination power 
of the model also decreased. 

There is an integral purification step at the end of the 
extraction procedure [23], consisting of repeated washing 
the final total RNA pellet with ethanol. In this study no 
additional RNA purification was performed since additional 
purification decreases yield and is often omitted. This 
procedure simulated a routine PCR sample preparation as it 
is carried out in most labs. The contamination within the 
RNA samples detected as OD 2 6o mr/OD 2 8o nm ratios was not 
significantly related to the type of tissue (data not shown). 

Statistical analysis of the parameters a and b (Table 2) 
under an influence of the two experimental factors showed 
that the tissue was the largest source of variance and the 
primer sequences had the least affect [21,22]. 

A similar trend of variability within the log-linear trajectory 
slope (b) and plateau height (a) showed that the tissue from 



Table 3d 

Statistically processed parameters a,b t FDMsm. SDM sm . FPlc. SDMlc, CP Tm . and ^ of &°eta;-actin amplification 

Tissue a b FDM SM SDM SM FPlc SDMlc CP Tm r 2 



Cerebellum Mean 85.015 1.418 22.499 20.632 16.640 19.362 19.643 1.000 

CV(%) 5.11 2.15 2.22 2.54 3.21 2.69 2.34 0.004 

Liver Mean 86.694 1.467 23.555 21.624 17.400 20.348 18.633 1.000 

CV(%) 2.14 1.31 0.85 0.95 1.52 1.11 1.11 0.002 

Muscle Mean 84.886 1.470 24.264 22.328 18.230 21.047 20.813 1.000 

CV(%) 2.75 3.53 0.90 1.03 1.14 1.16 0.88 0.005 

Mean^ 85.532 1.452 23.440 21.528 17.423 20.252 19.697 1.000 

CVto.to (%) 100 2.33 1.32 1.51 1.96 1.65 1.45 0.004 

CV MMbaw (%) 1.18 2.01 3.79 3.96 4.56 4.18 5.54 0.001 



P-values of significance. Each of three rows indicates either one of factors or their interaction. In columns, P-values of effect of factors (or interaction) on 
respective parameter are shown. 
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which total RNA was extracted has a significant effect on the 
PCR kinetics and thus on the CP acquisition (Table 2). This 
can be caused by different amounts of cellular debris present in 
samples after RNA extraction [30,31]. Also endogenous 
contaminants such as blood or fat play an important role. 
Contamination of the sample may affect both the PCR as well 
as the preceding RT reaction [20,2 1 ] . 

Since interaction between both factors; tissue and gene is 
significant, the tissue-specific disturbance is not the same for 
all four amplified sequences but rather is sequence-specific. In 
our study, the highest resistance to tissue-specific disturbance 
showed the sequence of P-actin followed by ubiquitin, 18S 
rRNA and GAPDH (see CV^o*^ values in Tables 3a- 3d). 
A plausible explanation of this interaction may be the presence 
of specific DNA blocking by polysaccharides or proteins 
present as endogenous contaminants in the sample [32], It is 
possible that DNA amplification may be affected by regions of 
the template DNA that are specifically blocked by these 
endogenous macromolecules. Our data show that not only the 
choice of housekeeping genes [ 1 2- 14] but also tissue-specific 
factors and the sequence-specific factors can affect the 
expression assays. 

Tissue-specific suppression can be compensated, in part, 
by well performing primers such as those for p-actin and 
ubiquitin used here. From this data it seems that sequences 
that amplified with higher efficiency (i.e. small b) better 
resist inhibition and show lower variance in all parameters 
of the PCR kinetics (compare mean toul i of b and CV OUMissue 
values in Tables 3a and 3d with Tables 3b and 3c). Thus, 
primer selection and documenting the reaction efficiency 
are important PCR optimization steps. Although house- 
keeping genes are expressed differently in various tissues 
our data show that some vary less than others. For 
example, ubiquitin showed marginally higher variance 
between tissues than within one tissue (compare CVom.group 
with CV in _ group in Table 3a). This suggests that the 
expression of ubiquitin in the different tissues was similar. 
The low variance for ubiquitin expression between tissues 
suggests that it is the best standard but is closely followed 
by p-actin and GAPDH. 18S rRNA, with its high variance, 
seems to be less suitable as an internal standard. This order 
was preserved in all CP computing methods. 

Each method of computing CPs seems to be accurate for 
estimating expression levels but they varied slightly when 
CP acquisitions took place at different heights of the 
amplification curve (Tables 3a 3d). The method of first and 
second derivative maximum computed from the four- 
parametric sigmoid model is reliable and simple and 
generates reliable CPs comparable with other methods 
(see CV values in Tables 3a- 3d). 
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Bioinformatics has become an essential tool not only for basic research but also for applied research in 
biotechnology and biomedical sciences. Optimal primer sequence and appropriate primer 
concentration are essential for maximal specificity and efficiency of PCR. A poorly designed primer can 
result in little or no product due to non-specific amplification and/or primer-dimer formation, which can 
become competitive enough to suppress product formation. There are several online tools devoted to 
serving molecular biologist design effective PCR primers. This review intends to provide a guide to 
choosing the most efficient way to design a new specific-primer by applying current publicly available 
links and Web services. Also, the purpose here is to provide general recommendations for the design 
and use of PCR primers. 

Key words: Bio-computing, primer design, web-based resources. 



INTRODUCTION 

In the last 10 to 15 years the computer has become an 
essential companion for cell and molecular biologists. 
Bioinformatics is an emerging scientific discipline that 
uses information technology to organize, analyze, and 
distribute biological information in order to answer 
complex biological questions. Bioinformatics is an 
interdisciplinary research area, which may be broadly 
defined as the interface between biological and 
computational sciences (Singh and Kumar, 2001). It 
involves the solution of complex biological problems 
using computational tools and systems. It also includes 
the collection, organization, storage and retrieval of 
biological information from databases. Selection of 
oligonucleotide primers is useful for polymerase chain 
reaction (PCR), oligo hybridization and DNA sequencing. 
Proper primer design is actually one of the most 
important factors/steps in successful DNA sequencing. 
Various bioinformatics programs are available for 
selection of primer pairs from a template sequence. The 
plethora programs for PCR primer design reflects the 
central role of PCR in modem molecular biology. 
Nevertheless, all these computer programs are written 
mainly to assist in the primer design process and are not 
meant to replace the eye of the experienced researcher, 
especially considering the sometimes erratic nature of 
PCR experiments. When scheduling important PCR 
experiments, it is usually worthwhile to evaluate the 
predictions of numerous different programs and to use 
common sense and laboratory experience to evaluate the 
suggested primers before committing to their synthesis 
(Binas, 2000). This review summarizes the general 
guidelines for primer design online. 
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WEB-BASED RESOURCES FOR PRIMER DESIGN 

There are a numerous web-based resources for PCR and 
primer design. Though most are freely available, they are 
of variable quality and not well maintained. This often 
results in missing links and so sites that may have been 
useful previously may not be functional at a later date. 
There are a number of criteria that need to be established 
in the design of primers and a number of these are listed 
below (Tables land 2). 

SOFTWARE IN PRIMER DESIGN 

The use of software in biological applications has given a 
new dimension to the field of bioinformatics. Many 
different programs for the design of primers are now 
available. Freeware software is available on the internet 
and many universities have established servers where a 
user can log on and perform free analyses of proteins 
and nucleic acid sequences (Singh and Kumar, 2001). 
There are number of simple stand-alone programs as 
well as complex integrated networked versions of the 
commercial software available. These software packages 
may be for complete DNA and protein analysis, 
secondary structure predictions, primer design, molecular 
modeling, development of cloning strategies, plasmid 
drawing or restriction enzyme analyses. Companies 
engaged in biosoftware development include: Alkami 
Biosystems, Molecular Biology Insights, PREMIER 
Biosoft International, IntelliGenetics Inc., Hitachi Inc., 
DNA Star, Advanced American Biotechnology and 
Imaging. Some scientists have also developed algorithms 
and computer programs for various purposes of primer 
design (Rychlik and Rhoades, 1989; Lowe et al., 1990; 
Lucas et al., 1991; O'Hara and Venezia, 1991; Tamura et 
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Table 1. Online primer design sites. 



Tool name 


Description 


www 


CODcnOr 


Consensus Degenerate Hybrid Oligonucleotide 
Primers; degenerate PCR primer design; will 
accept unaligned sequences. 


http://blocks.fhcrc.org/codehop.html 


Gene Fisher 


Interactive primer design tool for standard or 
degenerate primers; will accept unaligned 
sequences. 


http://bibiserv.techfak.uni-bielefeld.de/genefisher/ 


DoPrimer 


Easily design primers for PCR and DNA 
sequencing. 


http://doprirner.interactiva.de/ 


Primer3 


Comprehensive PCR primer and hybridization 
probe design tool; many options but easy to accept 
defaults at first. 


http://www-genome.wi.mit.ed u/cgi-bin/primer/primer3_www.cgi 

http://www.basic.nwu.edu^iotools/Primer3.html 

http://www.justbio.com/primer/index.php 


Primpr Selection 

r I unci wcicwiivii 


Select PCR primers from nucleotide sequence. 


http://alces.med.umn.edu/rawprimer.html 


Web Primer 


Allow alternative design of primers for either PCR 
or sequencing purpose. 


http://genome-www2.stanford.edu/cgi-bin/SG D/web-primer 


PCR Designer 


For restriction analysis of sequence mutations. 


http://cedar.genetics.soton.ac.uk/public_html/prirner.html 


Primo Pro 3.4 


Reduces PCR noise by lowering the probability of 
random primering. 


rmp://www.changbioscierx^.corrVprirrK)/prirno.html 


Primo Degenerate 3.4 


Primo Degenerate 3.4 designs PCR primers based 
on a single peptide sequence or multiple 
alignments of proteins or nucleotides. 


http://www.changbioscience.com/primo/primod.html 


PCR Primer Design 


An application that designs primers for PCR or 
sequencing purposes. 


http://pga.mgh.harvard.edu/servleVorg.mgh.proteorne.Primer 


The Primer Generator 


The program analyzes the original nucleotide 
sequence and desired amino acid sequence and 
designs a primer that either has a new restriction 
enzyme site or is missing an old one. 


http://www.med.jhu.edu/medcenter/primer/primer.cgi 


EPRIMER3 


Picks PCR primers and hybridization oligos 
(EMBOSS). 


http://bioweb.pasteur.fr/seqanal/irtterfaces/eprimer3.rtml 


PRIMO 


Prediction of forward and reverse oligonucleotide 
Primers. 


http://bioweb.pasteur.fr/seqanal/interfaces/primo.html3 
http://atlas.swmed .edu/primo/primo_fbrm.html 


PrimerQuest 


A primer design tool. 


http://www.idtdna.conVbiotools/primer_quest/primer_quest.asp 


MethPrimer 


Design primers for methyiation PCRs. 


http://itsa.ucsf.edu/-urolab/methprimer/index1.html 


Rawprimer 


A tool for selection of PCR primers. 


http://alces.med.umn.edu/rawprimer.html 


MEDUSA 


A tool for automatic selection and visual 
assessment of PCR primer pairs. 


http://www.cgr.ki.se/cgr/MEDUSA/ 


The Primer Prim'er 
Project 


Software suite that completely 
automates the PCR primer design process. 


http://www-nmr.cabm.rutgers.edu/bioinformatics/Primer_Primer_ 
Project/Primer.html 


Oligonucleotides for 
the PCR 


Seek oligonucleotides on both sides of an area. 


http://wwwxiti2.fr/bio2/Oligo2lib.html 


GAP 


Genome- wide Automated Primer finder servers. 


http J/p romoter. ics. uci .edu/Primers/ 



at., 1991; Makarova et ai., 1992; Osborne, 1992; Li et 
al.!l997; Plasterer, 1997; Sze et al., 1998; Gorelenkov et 
al., 2001). Many programs aiding in the design of primers 
exist (Table 3). 



GUIDELINES FOR THE DESIGN AND USE OF 
PRIMERS 

DNA Template and oligonucleotide primers must be 
considered in greater detail (Linz et a!., 1990). Efficacy 
and sensitivity of PCR largely depend on the efficiency of 



primers (He et a!., 1994). The ability for an 
oligonucleotide to serve as a primer for PCR is 
dependent on several factors including: a) the kinetics of 
association and dissociation of primer-template duplexes 
at the annealing and extension temperatures; b) duplex 
stability of mismatched nucleotides and their location; 
and c) the efficiency with which the polymerase can 
recognize and extend a mismatched duplex. The primers 
which are unique for the target sequence to be amplified 
should fulfill certain criteria such as primer length, GC%, 
annealing and melting temperature, 5' end stability, 3* 
end specificity etc (Dieffenbach et al., 1995). Most of the 
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Table 2. PCR oligonucleotide resources. 



Oligonucleotides pour la 
PCR 


Calculation of melting point of a 
oligonucleotide. 


http7/www.citi2.fr/bio2/aigoTM.html 


Oligonucleotide 
properties calculator 


Prediction of melting temperature. 


http7Avvw.basic.rwj.edu/biotools/oligocalc. html 
http7/www.microbiology .adelaide.edu.au/learn/oligcalc.htm 


Oligonucleotide analyzer 


Generates Tm, free energy, molecular weight 
and hairpin and dimer formation structures. 


httpy/vvww.mature.com/oligonucleotide.html 


Oligo Tm Determination 


Prediction of Tm. 


http7/alces.med.umn.edu/rawtm.html 


Poland 


Prediction of melting temperatures of primers. 


http://www.biophys.uni- 
duesseldorf.de/local/POLAND/poland.html 


PROUGO 


Oligos parameter calculation. 


rittp ://wvvw.geiTsetoligos.TO^ 



Table 3. PCR primers design software for personal computer. 



Software name 


Hocprontinn 


www 


PrimerSelect 


Anokrvoc a fomntato RNA cpni IPnTC* and ctlOOfifiS DfimBT 
MnaiyZco o icrnpiatt? uixn oc\^uci r#v airu uir/vowo K ,iM 

pairs for PCR and primers for DNA sequencing. 


www.dnastar.com 


DNASIS Max 


DNASIS Max is a fully integrated program that includes a 
wide range of standard sequence analysis features. 


http:ZAfvww.med probe.com/no/dnasis.html 


Primer Premiers 


primer design for Windows and Power Macintosh. 


http^/www.premiemiosoft.corTV'primerdesign/primerdesign.ht 
ml 


Primer Premier 


Comprehensive primer design for Windows and Power 
Macintosh. 


httpyAwvw.premierbiosoft.com/ 


NetP rimer 


Comprehensive analysis of individual primers and primer 
pairs. 


httpVAflww.premiemic^ft.conrv'NetPrimer.Wml 


Array Designer 2 


For fast, effective design of specific oligos or PCR primer 

noire Irtr mifrnarrsv^ 


rmpVAvww.premierbic^ft.corrVdnamicroarray/dnamicroarra 
y.html 


Beacon Designer 
2.1 


Design molecular beacons and TaqMan probes for robust 
amplification and fluorescence in real time PCR. 


http^/www.premierbiosoft.corr^rTX>lecular_beacons/taqman^ 
molecular_beacons.html 


GenomePRIDE 1.0 


Primer design for DNA-arrays/chips. 


http://pride.molgen.mpg.de/genomepride.html 


Fast PCR 


Software for Microsoft Windows has specific, ready-to-use 
templates for many PCR and sequencing applications: 
standard and long PCR, inverse PCR, degenerate PCR 
directly on amino acid sequence, multiplex PCR. 


rmp^/www.biocenter.helsinki.fi/bi/bare-1_htmt/manual.htm 


OUGO 6 


Primer Analysis Software for Mac and Windows. 


http://www.oligo.net/ 


Primer Designer 4 


Will find optimal primers in target regions of DNA or protein 
molecules, amplify features in a molecule, or create 
products of a specified length. 


http://www.scied.com/ses_pd5.htm 


GPRIME 


Software for primer design. 


http://life.anu.edu.au/molecular/software/gprime.htm 


Sarani Gold 


Genome Oligo Designer is software for automatic large- 
scale design of optimal oligonucleotide probes for 
microarray experiments. 


http7/mail.strandgenomics.com/products/sarani/ 


PCR Help 


Primer and template design and analysis 


rTttp^/www.techne.com/CatMol/pcrhelp.htm 


Genorama chip 
Design Software 


Genorama Chip Design Software is complete set of 
programs required for genotyping chip design. The 
programs can also be bought separately. 


http://www.asperbio.com/Chip_desin_soft.htm 


Primer Designer 


The Primer Designer features a powerful, yet extremely 
simple, real-time interface to allow the rapid identification 
of theoretical ideal primers for your PCR reactions. 


http://genamics.com/expression/primer.htm 


Primer Premier 


Automatic design tools for PCR, sequencing or 
hybridization probes, degenerate primer design, 
Nested/Multiplex primer design, restriction enzyme 
analysis and more. 


http://www.biotechniques.com/freesamples/itembtn21.html 


PrimerDesign 


DOS-program to choose primer for PCR or oligonucleotide 
probes. 


http^/www.chemie. unimarburg.de/%7Ebecker/pd home.html 
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reviews on PCR optimization (Erlich et al., 1991; 
Dieffenbach et al., 1995; Roux, 1995) consider different 
parameters of PCR but generally do not discuss basic 
concepts of PCR primer design. 

Maybe the most critical parameter for successful PCR 
is the design of Primers. All things being equal, a poorly 
designed primer can result in a PCR reaction that will not 
work. The primer sequence determines several things 
such as the length of the product, Its melting temperature 
and ultimately the yield. A badly designed primer can 
result in little or no product due to non-specific 
amplification and/or primer-dimer formation, which can 
become competitive enough to suppress product 
formation. This application note is provided to give rules 
that should be taken into account when designing primers 
for PCR. More comprehensive coverage of this subject 
can be found elsewhere (Dieffenbach et al., 1995). 

The sequences of the primers used for PCR 
amplification can have a major effect on the specificity 
and sensitivity of the reaction. When choosing two PCR 
amplification primers, the following guidelines should be 
considered: 

Primer length: Since both specificity and the 
temperature and time of annealing are at least partly 
dependent on primer length, this parameter is critical for 
successful PCR (Wu et al., 1991). For broad-spectrum 
studies, primers of typically 18-30 nucleotides in length 
are the best. Primers should be at least 18 nucleotides in 
length to minimize the chances of encountering problems 
with a secondary hybridization site on the vector or insert. 
Primers with long runs of a single base should generally 
be avoided. It is especially important to avoid 4 or more 
G*s or C's in a row. 

Melting Temperature (7J: The optimal melting 
temperatures for primers in the range 52-58°C, generally 
produce better results than primers with lower melting 
temperatures. Primers with melting temperatures above 
65°C should also be avoided because of potential for 
secondary annealing. It is then advisable to do the 
sequencing reaction with annealing and extension at 
60°C. A good working approximation of this value 
(generally valid for oligos in the 18-30 base range) can 
be calculated using the formula of Wallace et al. (1979), 
7 m = 2(A+T) + 4(G+C). Using improved nearest-neighbor 
thermodynamic values given by SantaLucia et al. (1996), 
an estimate of melting temperature can be obtained for 
oligonucleotide analysis. 

GC Content (Tm and Ta are Interrelated): GC% is an 

important characteristic of DNA and provides information 
about the strength of annealing. Primers should have a 
GC content between 45 and 60 percent (Dieffenbach et 
al., 1995). For primers with a G/C content of less than 
50%, it may be necessary to extend the primer sequence 
beyond 18 bases to keep the melting temperature above 
the recommended lower limit of 50°C. GC content, 



melting temperature and annealing temperature are 
strictly dependent on one another (Rychlik et al., 1990). 

3'-End Sequence: It is well established that the 3 1 
terminal position in PCR primers is essential for the 
control of mis-priming (Kwok et al., 1990). Primers should 
be "stickier" on their 5* ends than on their 3* ends. A 
"sticky" 3' end as indicated by a high G/C content could 
potentially anneal at multiple sites on the template DNA. 
A "G" or "C" is desirable at the 3* end but the first part of 
this rule should apply. This GC clamp reduces spurious 
secondary bands (Sheffield et al., 1989). 

Dimers and false priming cause misleading results: 

Primers should not contain complementary (palindromes) 
within themselves; that is, they should not form hairpins. 
If this state exists, a primer will fold back on itself and 
result in an unproductive priming event that decreases 
the overall signal obtained (Breslauer et al.. 1986). 
Hairpins that form below 50°C generally are not such a 
problem. Primers should not contain sequences of 
nucleotides that would allow one primer molecule to 
anneal to itself or to the other primer used in PCR 
reactions (primer dimer formation). 

Specificity: As mentioned above, primer specificity is at 
least partly dependent on primer length. It is evident that 
there are many more unique 24 base oligos than there 
are 15 base pair oligos. However, primers must be 
chosen so that they have a unique sequence within the 
template DNA that is to be amplified. A primer designed 
with a highly repetitive sequence will result in a smear 
when amplifying genomic DNA. However, the same 
primer may give a single band if a single clone from a 
genomic library is amplified. 

Degenerate Primers: Degeneracy in primer sequence 
should also be taken into consideration. Degenerate 
primers based on the amino acid sequence of conserved 
regions were also used to search for members of a gene 
family (Wilks et al., 1989). Computer programs have also 
been developed specifically for degenerate primer design 
(Chen and Zhu, 1997). 

Complementary primer sequences: Primers need to be 
designed with absolutely no intra-primer homology 
beyond 3 base pairs. If a primer has such a region of self- 
homology, "snap back" can occur. Another related danger 
is inter-primer homology: partial homology in the middle 
regions of two primers can interfere with hybridization. If 
the homology should occur at the 3' end of either primer, 
primer dimer formation will occur. 

Other recommendations: The concentration of primer in 
amplification reaction should be between 0.1 and 0.5 fxm. 
If possible, a computer search should be conducted 
against the vector and insert DNA sequences to verify 
that the primer and especially the 8-10 bases of its 3' end 
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are unique. Inosine should not be included in sequencing 
primers. They either do not work or give poor cycle 
sequencing results. The design of PCR and DNA 
sequencing primers follows very similar guidelines. Even 
though primer characteristics can be visually inspected 
for the presence of the elements listed above, a number 
of computer programs that have been developed use 
several of these guidelines for primer selection. 



CONCLUSION 

The key to the PCR lies in the design of the two 
oligonucleotide primers. It is essential that care is taken 
in the design of primers for PCR. Several parameters 
including the length of the primer, %GC content and the 
3' sequence need to be optimized for successful PCR. 
Certain of these parameters can be easily by hand 
optimized while others are best done with marketable 
computer programs. The increasing use of information 
from the internet and the sequences held in gene 
databases are practical starting points when designing 
primers and reaction conditions for the PCR. A number or 
software packages such as Oligo, Primer etc. have 
allowed the process of primer design to be less 
troublesome. It is also possible to include more than one 
set of primers in a PCR. 
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We assessed the sensitivities and specificities of three previously described PCR primers on enrichment 
broth cultures of feces for the accurate detection of fecal carriage of vancomydn-resistant enterococd (VRE). 
In addition, we investigated specimens that were vanB PCR positive but VRE culture negative for the presence 
of other vonB-contaiiiing pathogens. Feces from 59 patients (12 patients carrying vanB Enterococcus faecutm 
strains and 47 patients negative for VRE carriage) were cultured for 36 h in aerobic brain heart infusion (BBS) 
broth, anaerobic BHI (An0 2 BHD broth, or aerobic Enterococcosel (EC) broth. DNA was extracted from the 
cultures and tested for the presence of vanB by using the PCR primers of Dutka-Malen et al. (S. Dutka-Malen, 
S Evers, and P. Courvalin, J. Clin. Microbiol. 33:24-27, 1995), Bell et al. (J. M. Bell, J. C Paton, and J. 
*■ Turnidae, J. Clin. Microbiol 36:2187-2190, 1998), and Stinear et aL (T. P. Stinear, D. C Olden, P. D. R. 
V Johnson? J. K. Davies, and M. L. Grayson, Lancet 357:855-856, 2001). The sensitivity (specificity) of PCR 
compared with the results of culture on BHI, An0 2 BHI, and EC broths were 67% (96%), 50% (94%), and 17% 
(100%) respectively, with the primers of Dutka-Malen et ah; 92% (60%), 92% (45%), and 92% (83%), respec- 
tively, with the primers of Bell et at; and 92% (49%), 92% (43%), and 100% (51%) respectively, with the primers 
of Stinear et al. The primers of both Bell et al. and Stinear et al. were significantly more sensitive than those 
of Dutka-Malen et al. in EC broth (P = 0.001 and P < 0.001, respectively). The poor specificities for all primer 
pairs were due in part to the isolation and identification of six anaerobic gram-positive bacilli, Clostridium 
hathewayi (n = 3), a Clostridium innocuum-Uke organism <» = D» Clostridium bolteae (#i = 1), and Ruminococcus 
lactarisAikB (n = 1), from five fecal specimens that were vanB positive but VRE culture negative. All six 
organisms were demonstrated to contain a vanB gene identical to that of VRE. K<mfl-containing bowel 
anaerobes may result in false-positive interpretation of PCR-positive fecal enrichment cultures as VRE, 
regardless of the primers and protocols used. 



Minimization of the risk of colonization and infection by 
vancomycin-resistant enterococci (VRE) is a major infection 
control goal in Australia, as elsewhere. However, the pro- 
longed time that it takes to obtain results by routine microbi- 
ological screening techniques often results in delays in imple- 
mentation of appropriate infection control measures, such as 
separating patients into cohorts (12, 21). Six different vanco- 
mycin resistance gene (van) operons (vanA, vanB, vanC, vanD, 
vanE, and vanG) are known to mediate glycopeptide resis- 
tance, with three alleles described for the vanB ligase gene 
(vanBl, vanB2, and vanB3) (6, 16, 23). The most commonly 
recognized pathogenic genotype in Australia is vanB, the 
vanB2 allele of which predominates (A. Berry, H. Sundqvist, J. 
Bell, and J. Turnidge, Abstr. 3rd Annu. Sci. Meet. Aust. Soc. 
Antimicrob., abstr. 22, Feb. 2002). 

Present PCR protocols for the direct detection of VRE in 
clinical specimens or enrichment broth cultures of these spec- 
imens rely on the detection of van genes, specifically, vanA or 
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VIC 3084, Australia. Phone: (613) 9496-6676. Fax: (613) 9496-6677. 
E-mail: Lindsay.Crayson@austin.org.au. 



vanB (18, 22, 25, 28, 29). These methods are not dependent on 
the identity of the host organism, and as such, the identification 
of VRE can only be inferred, as the specimen contains a mixed 
bacterial population. Since the vanB gene has been described 
in Streptococcus species and more recently in Eggerthella lenta 
and three Clostridium species isolated from human feces, the 
presence of vanB in feces does not necessarily imply the pres- 
ence of VRE (19, 27, 31). For this reason, we assessed the 
sensitivities and specificities of three frequently used primers 
under different growth and PCR conditions for the accurate 
identification of VRE in fecal specimens from patients for 
whom knowledge about their VRE carriage status was known. 

(This work was presented in part at the 43rd Interscience 
Conference on Antimicrobial Agents and Chemotherapy, Chi- 
cago, III., September 2003 [S. A. Ballard, E. A. Grabsch, S. Xie, 
P. D. R. Johnson, and M. L. Grayson, Abstr. 43rd InterscL 
Conf. Antimicrob. Agents Chemother., abstr. D-1890, 2003].) 

MATERIALS AND METHODS 

Clinical specimens and bacterial strains. Fecal samples were collected from 
59 patients who were previously well characterized with regard to the presence 
or absence of fecal VRE carriage. Fecal specimens were collected from S3 
hemodialysis patients; of these, 6 patients were known to be fecally colonized 
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with vanB E foecium, while 47 patients had repeatedly been shown to be VRE 
Dcotrve. Feces were also collected from six nonhcmodialysis patients at our 
hospital who were known to be fecally cokmrxed with VRE (all with vanB E 
/^diim) as a result of tests with at least two recent coiisecutive f ecaJ speciroens. 
Thus, an 12 VRE-colonized patients carried vanBE foecium. All fecal specimens 
were collected and then stored at - KTC Control enterococcal strains used for 
PCR were an Enterococcus foecaus strain containing vanB (ATOC 51299), a 
v^nrycin-sensitive E faecaUs strain (ATOC 29212). and clinical isolates of 
vonA E foecium and vanB E foecium, each of which was obtained at our 



Enrichment broth cultures of feces and isolation of VRE. All fecal specimens 
were assessed for the presence of VRE both by direct culture on agar and by 
culture in enrichment broth. Enrichment broth cultures of thawed fecal speci- 
mens were obtained by the following protocol A sterile 50-uJ plastic loopful of 
fecal material was used to inoculate each of the following broths (6 ml each): 
brain heart infusion (BHI) broth and Enteroccccosel (EC) broth (both of which 
were incubated aerobically) and BHI broth with 0.5% yeast extract, 0.1% sodium 
thioglycolate, 025% glucose, and 0-5 u4 of hemm ml" 1 (AnOjBHl broth; which 
was incubated anacrobically). All broth cultures were incubated it 35*C for 36 h. 
Subsequently, all VRE culture-positive specimens were recultured by the same 
method, but with assessment at both 1 7 and 36 fa. 

Isolation of VRE was performed as follows. AH fecal specimens and enrich- 
ment broth cultures were plated on EC agar containing vanconrycin at 6 u*/ml 
and were incubated at 35*C for 4S to 72 h. Esculin-positive colonies were 
investigated as described previously (21). The identities of isolates provisionally 
identified as Entaococcus foecium or E foecolis were confirmed by multiplex 
PCR for the r>Ala-o-Ala tigasc gene (7). The glycopeptidc resistance genotype 
was determined by multiplex PCR for vonA, vanB, and vonC (2). 

Detection rf m ptMJ u enrichment broth cultures of feces. DNA was 
extracted from a 500-uJ volume of fecal enrichment broth as described by Stinear 
et a! (30). DNA samples were frozen at -20"C until they were required. A 5-uJ 
volume of DNA was tested by PCR for vonA and vanB in i 50-uJ reaction 
mixture containing 10 mM Tris-HCI (pH 83); 50 mM KC1; 2 mM MgC^ 200 
liM each dATP, dTTP, dGTP, and dCTP; (U5 uM each primer, and 0.25 U of 
AmpliTaq Gold DNA polymerase (Applied Biosystems. by Roche Molecular 
Systems, Inc., Branchburg. NJ.). PCR cycling was performed on a Gene- 
Amp2700 thermal cycler (Applied Biosystems). Known positive and negative 
controls (including multiple controls consisting of sterile water (Le^ no DNA]) 
were included in each PCR run. The PCR products were resolved by electro- 
phoresis on agarose-Tris-acetate-EDTA gels cemtaining 0.5 ixg of ethidium bro- 
mide per mL The gels were visualized and photographed with a Fluor-S Multi- 
Imager and Ouantity One quantitation software (version 4; Bio-Rad 
Laboratories, Hercules, Calif.). 

The following three different primer sets were assessed. The PCR protocol of 
Stinear et al. (31) was performed with primers VanB-Pl and VanB-P2, designed 
for the detection of vanB; the primers and PCR protocol are referred to as 
-Stinear - The cycling conditions for the Stinear protocol were 95*C for 10 min, 
followed by 94*C for 1 min, 60°C for 1 min, and 72°C for 1 min for 5 cycles; 94*C 
for 20 s, 58°C for 30 s, and 7TC for 40 s for 35 cycles; and 72°C for 5 min (T. 
Stinear, personal communication). The PCR protocol of Bell et al. (2) was 
performed with primers VanABF, VanAR, and VanBR, designed for the detec- 
tion of vanA and vanB by multiplex PCR; the primers and PCR protocol are 
referred to as -Bell." The cycling conditions were 95°C for 10 min, followed by 
94*C for 1 min, 50°C for 1 min, and 72°C for 1 min for 40 cycles and 72°C for 5 
min (J. Bell, personal communication). The PCR protocol of Dutka-Malen et al. 
(7) was performed with primers, A,. A 2 , B„ and B 2 , designed for the detection 
of vonA and vanB; the primers and PCR protocol arc referred to as -Dutka- 
Malen." The exception to the Dutka-Malen protocol was that 0.5 »iM each 
forward and reverse primers was used. The cycling conditions were as follows: 
95°C for 10 min, followed by 94°C for 1 min, 54 e C for 1 min, and 72"C for 1 min 
for 40 cycles and 72*C for 5 min (7). This protocol was repeated by using an 
annealing temperature of 50°C because of the poor sensitivity obtained by the 
original method. 

Isolation of anaerobes. To optimiie the isolation of vancomycin-resistant 
anaerobes from vunl-positive, VRE culture-negative feces, a swab of fecal ma- 
terial was subcultured in 6-ml volumes of AnOjBHl broth containing vancomy- 
cin at 10 ug/mi and incubated anacrobically at 3FC for 48 h, as described above. 
These cultures were then serially diluted in AnOjBHl broth, and 100-uJ aliquots 
were plated onto horse blood agar containing vancomycin at 6 sig/ml (HBA-V) 
and colistin-nalidixk acid blood agar to obtain single colonies. The plates were 
incubated anaerobicalry st 35*C for 48 h. Single colonies from both media were 
assessed for purity on HBA-V. Isolates were investigated by Gram staining, and 
their identities were determined by sequencing of their 16S rRNA genes. The 
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presence of vanB was tested by PCR with the Befl primers, and the gene was 
sequenced for confirmation (see below). 

DNA sequencing and analysis. DNA for sequencing was prepared from pure 
isolates of anaerobes by using the DNeasy Tissue kit (Oiagen Pry. Ltd., Oiftoo 
Hill, Victoria, Australia) and the modified protocol for isolation of genomic 
DNA from gram-positive bacteria, as described in die mstructions of the man- 
ufacturer. A 1,376-bp region of the 16S rRNA gene was generated with the 
primers described by Gurtler et aL (13), and a 2^17-bp region of the vanB 
operon encompassing the vanB ligase gene was generated with primers 5'-TGC 
TTCCAATG AG ACGGGCG-3 ' and S'-CI'l 1 Ol GCCGATGATCOGAT-3' by 
PCR with the Expand Long Template PCR system (Roche Applied Science, 
Mannheim, Germany). PCR elongation times and temperatures w ere ad justed 
according to the expected sixe of the product and the nucleotide sequences of the 
primers, respectively, as recommended by the manufacturer. The PCR products 
to be sequenced were purified with a QIAquick PCR purification kit (Oiagen Pty. 
Ltd.). The sequences of the PCR products were determined by cycle sequ en ci n g 
with the same primers used for the PCR and the ABI Prism BigDye Terminator 
(version 3.0) Ready Reaction Cycle Sequencing kit (Applied Biosystems) with an 
ABI Prism 3100 genetic analyzer. The chromatograms were read and the con- 
tiguous sequences were constructed with Vector NT1 Advance software (version 
8.0; Informax lnc^ Bethesda, Md.). The sequences were compared for homology 
with sequences in the GenBank, EMBL, DDBJ, and PDB databases by using the 
BLASTN local alignment search tool (1) and the National Center for Biotech- 
nology Information website (www. ncbi nl m . nih .gov). The sequences of the vanB 
ligase gene were aligned by using the AlignX module of Vector NTI Advance 
software (version 8.0) and the CLUSTAL W algorithm (33). 

Statistical analysis. Statistical comparisons of the sensitivity and the specificity 
of each primer for the identification of the presence of VRE were un dertaken by 
chi-«quare analysis. 

Nucleotide sequence accession numbers. The nucleotide sequences of the 16S 
rRNA genes from isolates MLG856-1, MLG856-2, MLG480, MLG080-1, 
MLG080-3, MLG392, and MLG661 have been submitted to GenBank and given 
consecutive accession numbers AY653230 to AY653236, respectively. The nu- 
cleotide sequences of the vanB ligase genes from these isolates have also been 
submitted to GenBank and given the consecutive accession numbers AY655710 
to AY655716, respectively. 



RESULTS 

A total of 59 fecal specimens, 12 of which were VRE cuTtae 
positive and 47 of which were VRE culture negative, were 
examined for the presence of vanB by PCR following enrich- 
ment broth culture. The sensitivity and specificity of each of 
the three PCR primer sets for the accurate detection of the 
presence of fecal VRE carriage with each of the three enrich- 
ment broth cultures are shown in Table 1. The Stinear and Bell 
primers were more sensitive than the Dutka-Malen primers for 
the detection of VRE under all growth conditions assessed, 
although this difference was statistically significant only in EC 
broth (P < 0.001 and P = 0.001, respectively, Table 1). The 
optimal balance between sensitivity and specificity appeared to 
be best achieved with the Bell primers for the fecal cultures in 
EC broth. Notably, the sensitivity of the Bell primer and PCR/ 
protocol did not change when EC broth cultures incubated for 
only 17 h were used (data not shown). In contrast, the Dutka- 
Malen primer set appeared to be less sensitive, even when the 
annealing temperature used in the PCR was decreased from 54 
to 50°C. 

Both the Bell and Stinear primer sets detected vanB genes in 
a large number of fecal specimens that were culture negative 
for VRE. This was especially notable when An0 2 BHI enrich- 
ment broth was used, with which 26 and 27 of the 47 VRE 
culture-negative specimens had detectable vanB genes when 
these two primer sets were used, respectively. Attempts were 
made to isolate the source of the vanB signal in these 27 
specimens. For 18 specimens the vanB gene signal was lost 
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_ , . . -rf VRE in feces cultured in enrichment broth for 36 b 

TABLE 1. Sensit ivity and specificity of vanB PCR protocols for detection of VRE in feces 

" BWbroChcultum AnOaBHl broth cultures EC broth cultures 



Primer and t 
PCR protocol 



No. of PCR-oositive 



VRE + VRE- 
(n - 12) ("-47) 



Sensitivity 
(%) 



NaofPCRi»sitive 

Specificity spcdmcm 
(%) 



No. of POliWMtive 



VRE ♦ 
(n - 12) 



VRE - 
(«-47) 



Sensitivity 



<%) 



VRE + 
(« « 12) 



VRE - 
(«-47) 



Sensitivity 
(%) 



(*) 



Stinear 
Bell 
Dutka-Malen 
Dutka-Malen 7 



11 
11 
8 
6 



24. 
19 
.2 
0 



92^ 
92 
6T 
50* 



-49 
60 
96* 

100* 



11 
11 
6 
6 



27 
26 
3 
2 



92* 
92* 
50* 
50* 



43 
45 
94* 
96* 



12 
11 
2 
4 



23 100" . . SI' 

8 92»* 83" 

0 IT" 100^ 

1 33-* 98^' 



7 __— ^ 
*Sl^i^^iigr^t P-0^ 

^Ditoence not primer, <P < 0X01). 

/ Dutk^MJen primen signitantly more «^^*"£?S^ or < 0.001). 



when the positive broth was further subcultured in An0 2 BHI 
broth under anaerobic conditions. For four specimens, the 
vanB staial persisted after this subculture, but no organisms 
Jntainmg vanB could be isolated. A total of seven different 
v fl n*con!aining organisms were isolated from the remaining 
five vanB PCR-positive, VRE culture-negative specimens (Ta- 
ble 2). For one specimen, an E. faecium isolate not previously 
isolated by routine culture methods and an isolate closely re- 
nted to Clostridium hathewayi (98% 16S rRNA gene sequence 
identity) were identified. Of the remaining five organisms iso- 
S22o were related to C ha**** .(98%] MS rRNA gene 
identity), one was related to Clostridium bolteae (98% 16S 
rRNA gene identity), and one was most likely a new species 
with only 91% 16S rRNA gene identity to Clostridium m- 
nocuum. The remaining isolate was a gram-vanable coccoba- 
cuius with 91% identity by 16S rRNA gene analysis to the 
Ruminococcus lactaris 16S rRNA gene sequence (Table 2). 
The entire vanB ligase genes from all seven isolates were se- 
quenced. For six of these isolates the vanB ligase gene se- 
quence was 99% identical to the vanB2 sequences of E. fae- 
cium C68 (3) and E faecalis 268-10 (11), while for MLG480 
the vanB ligase gene sequence was 99% identical to the vanBl 
Sequence of £ faecalis V583 (9) and only 97% identical to the 
vanB2 sequence. 



DISCUSSION 



The rapid detection of VRE colonization may have impor- 
tant infection control implications in centers where VRE-col- 
onized patients are separated into cohorts to minimize noso- 
comial transmission (12, 21). Although conventional culture 
methods for the detection of VRE may be sensitive, they fre- 
quently take 3 to 5 days to confirm the presence or absence of 
VRE (5, 8, 14, 18, 25, 28). A number of investigators have 
attempted the direct detection of van genes in either feces or 
enrichment broth cultures of feces as a surrogate means of 
identifying VRE carriage, with variable results (18, 22, 24, 23, 
28) The sensitivities and specificities of such methods depend 
on the type of van genotype, the PCR primers used, and the 
nature of the enrichment broth. 

In our study we found that for the detection of vanB VRfc, 
PCR with the Bell primers with DNA extracted from 36-h EC 
broth cultures of feces provided the best balance between 
sensitivity (92%) and specificity (83%) compared with the re- 
sults of culture. Lu et al. (18), who designed novel primers for 
the detection of vanA and vanB and who developed a multiplex 
PCR for the detection of van genes directly from EC enrich- 
ment broths containing 8 jig of vancomycin per ml, reported a 

97 9% sensitivity for VRE detection. Similarly, Palladino et al. 



• i ..a f,„ m W fecal soecimens that contained vanB genes after anaerobic 
TABLE 2. Characreristi* 



Specimen 



Isolate 

~MLG856-1 
MLG856-2 
MLG480 
MLG080-1 
MLG080-3 
MLG392 
MLG661 



Gram stain result 

Positive, bacillus 
Positive, coccus 
Negative," bacillus 
Variable, - bacillus* 
Variable, coccobacil)us /> 
Positive, bacillus 
Positive, bacillus 



Identification based on 16S rRNA 
gene (accession no.) 

Clostridium hathewayi (AJ311620) 
Enterococcus faecium (AF070223) 
Clostridium innocuum (AF028352) 
Clostridium bolteae (AJ08452) 
Ruminococcus lactaris (L76602) 
Clostridium hathewayi (AJ311620) 
Clostridium hathewayi (AJ311620) 



98 
99 
91 
98 
91 
98 
98 



T ^ • ^ mt< rjneridium stain gram positive, and staining may vary depending on the medium 

- Not all species classified ^ e £"^r^ and lie their positrvity with age (20). 

6 Anaerobic grarn-posiUve coca may be elongaico 



used and the age of the culture (15), 
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tm reported a sensitivity of detection of 88% with the primers 
S^ Dutka-Malen et al. (7) for a vanA-vanB mulnple* 
l^Z fjchtCvcler PCR with EC enrichment broths con- 
SST ^ per ml. Notably however, neither 

Se snfdies considered the sensitivity of detect™ ofeach 
^orflt^h/ In comparison, we found tnc uuuca- 
^r^* ™^^*** of whether wc used 
In anSng temperature of 54 or 5<TQ, detec^g on* 17 to 
™™oi vanB VRE culture-positive specimens, dependmg on 

wTfoJSthat the two most sensitive methods 
fi£?2?8e I* and Stinear primers) resulted m a sub- 
Salnumberoffalse-posidveresultsinw^ 
beidentified. Paule et al. (24) reported similar results when 
Spared cuhure with a direct multiplex PCR j. * .the 
Sudca-Mden vanA- and wmf>-spedfic : pnmers for the idete*- 
don of VRE from rectal swabs. Simuariy, Sloan et al. (29) 
reined a higher frequency of discordant results for vanB 
detecdon when they compared a LigbtCycler vanA-va^ 
deScuon assay with culture for the direct detection of VRE 
TTZri^S stool swab specimens. Such results may be due 

o° of VRE (17, 24, 29). However, the presence of 

noneTero^ reservoirs of vanB has been described previ- 
ous? (W^Tl). Notably, we isolated five anaerobic gram- 
£3te baciUi re ated to the Clostridia and one Rummococcus 
Km five PCR-positive, VRE culture-negatrve fe^ se- 
mens These six anaerobes contained a vanB hgase geneiden- 
So*^ 

these isolates was obtained from a fecal specimen that also 
Stained low numbers of vanB E faecium. Since approxi- 
™tety 40% of the bacterial community of the bowel has yet to 
^ cultivated in vitro, presumably due to their fast.d,ous 
£o£h and nutritional requirements, the .dent.ficat.on of 
otner vancomycin-resistant anaerobes remains a poss.bil,ty 

(3 1! is important that the majority of our ^cal specimem were 
obtained from patients requiring long-term hemodiatysis, so 
we are uncertam whether factors related to their underlying 
Ulnei and/or treatment may have influenced the hkehhood 
2 *ese patients were fecally colonized ^ ^ntainmg 
anaerobes Moreover, as all our pauents with VRE were col- 
onized with vanS-type VRE, we «Tf . PCR 
ings regarding the sensitivity and spec.fic.ty of each of he PCR 
primers asseLd to other van genotypes, particularly vanA 
However, given the reports of nonenterococcal reservoirs of 
InA, i. wifl be important to assess the sens.t.v.ty and specific- 
ity of PCR for the detection of vanA in a moced culture for the 
deification of v^-type VRE (4, 10, 26). Regardless of 
these caveats, clinicians and infection control pract.t.oners who 
S on molecular analysis of feces to rapidly idennfy patienU 
2 are fecally colonized with VRE need to be aware of the 
potential role of vanB gene-containing anaerobes .n causing 
false-positive interpretations of the presence of VRE. 
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inflates prejudgment interest by 
$1 5 000 000 Alpex responds that Us calcula- 

alty payment schedule, and that such a 
Schedule is reasonable in light or the fact that 
Nrntendo's own license agreements genera - 
W specified such payments. To make ts 
point, Alpex compares the : prejudgment ii n- 
{eres resulting from its mid-year ca culation 
. ffi higher filures allegedly r«fW from 
a quarterly payment J^P/SS. 
nately. as Nintendo points out. Ate* s com 
parison is misleading because .t fa. s to keep 
the effective annual rates constant fa pur- 
Doses of both the mid-year calculation and 
[he quarterly calculation. Therefore. 1 can- 
not conclude* that Alpex's mid-yea, • conven 
tion accurately approximates i a quarterly 
payment schedule. 1 believe that t is fully 

TSaSSSfi find that an .award of 

year-end basis at the commercial paper rate. 
According to the testimony or Mr. Sherwin, 
which 1 accept as authoritative, prejudgment 
Seres on the jury's verdict through .August 
I 1994 is $37,220,31 1. Interest on the jury s 
verdict from August 1, 1994 to , the date. of 
judgment will be addressed by Mr. Sherwin 
n ^supplemental affidavit ordered herein 
In addition. Alpex is entitled to interest on 
the 6% royalties payable on Nintendo s in- 
fringing revenues between December 1, 1992 
and May 31, 1994. Within 21 days of the 
date hereof, Nintendo shall submit a supple- 
mental affidavit by Mr. Sherman, or such 
otner qualified expert, specifying prejudg- 
men interest (calculated in accordance ^with 
the ruling herein) on royalties « «g 

infringing revenues between December 19*z 
and May 1994. 

CONCLUSION 

For the reasons set forth above the court 
denies Nintendo's motions for judgment o\ 
non-in.ringement and judgment or invalidity 
as a matter or law; the court denies Ninten- 
do's motion for a new trial on liability; and 
the court also denies Nintendo s motion fa a 
remittitur, new trial, or judgment as a mat- 
ter of law with respect to damages. Alpex s 
motion for entry of judgment is . granted in 
part and denied in part. Specifically the 
court grants Alpex's motion for an account- 



ing with respect to Nintendo's infringing 
revenues between December 1, 1992 ana 
Mav 31 1994. Judgment shall be entered in 
an amount that, in addition to the jury s 
award includes 6% of Nintendo's infringing 
revenues during the period between Decem- 
ber 1 1992 and May 31, 1994. The court 
also grants Alpex's motion fa pre-judgment 
interest directing that such interest be calcu- 
a ed on year-end royalty payments, and on 
an after-tax basis, using the "m™ rcial pa- 
per rate, as proposed by Nintendo. Alpex 
shall also be entitled to prejudgment interest 
on the 6% or Nintendo's infringing revenues 
between December 1,1992 and May 31, 
1994 to be determined through the afore- 
mentioned accounting. Finally, the court de- 
nies Alpex's motion for a 50% enhancement 
" the jury's verdict. Within 21 day. ■ of the 
date hercor, Nintendo shall submit (I) an 
accounting *or its infringing revenues be- 
tween December 1. 1992 and May 31, 1?V4, 
andtf)' . supplemental 
the prejudgment interest on the V*> royaiiy 
paymenu due on these additional revenues. 
Within one week or Nintendo's submission, 
the parties shall submit a joint proposed 
udgmenUn accordance with the courts rul- 
ing herein. In the event that the parties rail to 
agree upon a joint proposed judgments they 
shall each submit a proposed judgment fa 
the court's consideration. 
SO ORDERED. 
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PATENTS 

1. Patentability /Validity ~ ob . viousn " s ~ 
Relevant prior art - Particular inven- 
tions (§115.0903.03) 
Existence or general method of isolating 
cDN A or DN A molecules is essentially irrel- 
evant to question of whether specific mole- 
cules themselves would have been obvious, in 
absence o other prior art that suggests 
clafmed DNAs, nor does Tact that general 
process can be conceived in advance for pre- 
paring undefined compound mean thai 
claimed specific compound was precisely en- 
visioned and therefore obvious; Board 0 r Pat- 
ent Appeals and Interferences thus erred by 
rejecting claims Tor isolated and purified 
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ith respect to Nintendo's infringing 
tes between December 1, 1992 and 
I, 1994. Judgment shall be entered in 
lount that, in addition to the jury's 
, includes 6% of Nintendo's infringing 
[es during the period between Decem- 

1992 and May 31, 1994. The court 
•ants Alpex's motion for pre-judgment 
;t, directing that such interest be calcu- 
m year-end royalty payments, and on 
er-tax basis, using the commercial pa- 
te, as proposed by Nintendo. Alpex 
Iso be entitled to prejudgment interest 

6% of Nintendo's infringing revenues 
zn December 1, 1992 and May 31, 
to be determined through the afore- 
>ned accounting. Finally, the court de- 
lpcx's motion for a 50% enhancement 
jury's verdict. Within 21 days of the 
lercof, Nintendo shall submit (1) an 
iting of its infringing revenues be- 
December 1, 1992 and May 31, 1994, 
>) a supplemental affidavit specifying 
ejudgment interest on the 6% royalty 
:nts due on these additional revenues, 
n one week of Nintendo's submission, 
mies shall submit a joint proposed 
lent in accordance with the court s rul- 
rein. In the event that the parties fail to 
upon a joint proposed judgment, they 
:ach submit a proposed judgment for 
urt's consideration. 
ORDERED. 
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tentability /Validity — Obviousness - 
Relevant prior art — Particular inven- 
ions (§115.0903.03) 
stence of general method of isolating 
^ or DN A molecules is essentially irrcl- 
to question of whether specific mole- 
themselves would have been obvious, in 
ce of other prior art that suggcsis 
sd DNAs, nor does fact that gencnil 
is can be conceived in advance for pre 
I undefined compound mean th»i 
zd specific compound was precisely en 
ed and therefore obvious; Board of Pal 
ppeals and Interferences thus erred by 
ing claims for isolated and purified 
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DNA and cDNA molecules encoding he- 
parin-binding growth factors based upon al- 
leged obviousness of method of making mole- 
cules, since applied references do not teach 
or suggest claimed cDNA molecules. 




Appeal from the U.S. Patent and Trade- 
mark Office, Board of Patent Appeals and 
Interferences; 33 USPQ2d 1445. 

Application for patent filed by Thomas F. 
Deuel, Yue-Sheng Li, Ned R. Siegcl and 
Peter G. Milner, serial no. 07/542,232). 
From decision of the Board of Patent Ap- 
peals and Interferences affirming examin- 
er's final rejection of claims, applicants ap- 
,peal. Reversed. 

G. Harley Blosser and Donald G. Leavit, of 
Senniger, Powers, Lcavitt & Roedel, St. 
Louis, Mo., for appellants. 

Donald S. Chisum, of Morrison & Foerster, 
Seattle, Wash.; Debra A. Shetka, of Mor- 
rison & Foerster, Palo Alto, Calif.; and 
Robert P. Blackburn, Emeryville, Calif., 
for amicus curiae The Biotechnology In- 
dustry Association and The Bay Area 
Bioscience Center. 

Teddy S. Gron, acting associate solicitor, 
Albin F. Drost, acting solicitor, and Nan- 
cy J. Linck, office of the solicitor, Arling- 
ton, Va., for appellee. 

Before Archer, chief judge, Nies and Lourie, 
circuit judges. 
Lourie, J. 

Thomas F. Deuel, Yue-Sheng Li, Ned R. 
Sicgel, and Peter G. Milner (collectively 
"Deuel") appeal from the November 30, 
1 993 decision of the U.S. Patent and Trade- 
mark Office Board of Patent Appeals and 
Interferences affirming the examiners fina 
rejection of claims 4-7 of application Serial 
No. 07/542,232, entitled "Heparin-Binding 
Growth Factor," as unpatentable on the 
cround of obviousness under 35 U.S.C. § 103 
(1988). Ex parte Deuel, 33 USPQ2d 1445 
(Bd. Pat. App. Int. 1993). Because the Board 
erred in concluding that Deuel's claims 5 and 
7 directed to specific cDNA molecules would 
Imvc been obvious in light of the applied 
references, and no other basis exists in the 
record to support the rejection with respect 
to claims 4 and 6 generically covering all 
possible DNA molecules coding for the dis- 
closed proteins, we reverse. 

BACKGROUND 

The claimed invention relates to isolated 
ttnd purified DNA and cDNA molecules 



encoding heparin-binding growth factors 
("HBGFs").' HBGFs are proteins that 
stimulate mitogenic activity (cell division) 
and thus facilitate the repair or replacement 
of damaged or diseased tissue. DNA (deox- 
yribonucleic acid) is a generic term which 
encompasses an enormous number of com- 
plex macromolecules made up of nucleotide 
units. DNAs consist of four different nucleo- 
tides containing the nitrogenous bases aden- 
ine, guanine, cytosine, and thymine. A se- 
quential grouping of three such nucleotides 
(a "codon") codes for one amino acid. A 
DNA's sequence of codons thus determines 
the sequence of amino acids assembled dur- 
ing protein synthesis. Since there are 64 
possible codons, but only 20 natural amino 
acids, most amino acids are coded for by 
more than one codon; This is referred to as 
the "redundancy" or "degeneracy" of the 
genetic code. # 

DNA functions as a blueprint of an organ- 
ism's genetic information. It is the major 
component of genes, which are located on 
chromosomes in the cell nucleus, Only a 
small part of chromosomal DNA encodes 
functional proteins. . 

Messenger ribonucleic acid ( mRN A ) is 
a similar molecule that is made or tran- 
scribed from DNA as part of the process of 
protein synthesis. Complementary DNA 
("cDNA") is a complementary copy 
("clone") of mRN A, made in the laboratory 
by reverse transcription of mRNA. Like 
mRN A, cDNA contains only the protein-en- 
coding regions of DNA. Thus, once a 
cDNA's nucleotide sequence is known, the 
amino acid sequence of the protein for which 
it codes may be predicted using the genetic 
code relationship between codons and amino 
acids. The reverse is not true, however, due 
to the degeneracy of the code. Many other 
DNAs may code for a particular protcm. 
The functional relationships between DNA, 
mRNA, cDNA, and a protein may conve- 
niently be expressed as follows: 



genomic 
DNA • 



mRNA 



CDNA 



protein 

T 

other DNAa 



Collections ("libraries") of DNA and 
cDNA molecules derived from various spe- 



1 For a more extensive discussion of recombin- 
ant DNA technology, see In re OTarrtll.i53 
F2d 894, 895-99, 7 USPQ2d 1673, 1674-77 
(Fed Cir. 1988); Amgen Inc. v. Chugai Pharma- 
ceutical Co., 927 F.2d 1200, 18 USPQ2d 1016 
(Fed Cir.). cert, denied, 502 U.S. 856 (1991). 



1212 



In re Deuel 



34 USPQ2d 



cics may be constructed m the laboratory or 
obtained from commercial sources. Comple- 
mentary DNA libraries contain a ^mixture of 
cDN A clones reverse-transcribed from the 
mRNAs found in a specific tissue source. 
Complementary DNA libraries are tissue- 
specific because proteins and their corre- 
sponding mRNAs are only made ( ex- 

ssft in ^j^fs^n 

The protein. Genomic DNA ( 8»NA ) i 
braries. by contrast, theoretically contain al 
of a species' chromosomal DNA. The mole 
cules present in cDNA and DNA hbrar.es 
may be of unknown function and chem,«l 
structure, and the proteins which they en- 
code may be unknown. However, one may 
auempt to retrieve molecules of interest 
from cDNA or gDN A libraries by screening 
such libraries with a gene probe, which is a 
synthetic radiolabeled nucleic acid sequence 
des gned to bond ("hybridize") with a target 
complementary base sequence. Such gene 
cloning" techniques thus exploit the fact that 
the bases in DNA always hybridize in com- 
plementary pairs: adenine bonds with thy- 
mine and guanine bonds with cytosine A 
gene probed potentially Elating DNA or 
cDNA encoding a protein may be designed 
once the protein's amino acid sequence, or a 
portion thereof, is known. 

As disclosed in Deuel's patent application^ 
Deuel isolated and purified HBGF from be, 
vine uterine tissue, found that exhibited 
mitogenic activity, and determined the firs 
25 amino acids of the protein's N-termmal 
sequence.' Deuel then isolated a cDNA 
molecule encoding bovine uterine HBGF by 
screening a bovine uterine cDNA library 
wUh an oligonucleotide probe designed using 
The experimentally determined N-term.nal 
sequence of the HBGF. Deue purified and 
Tequenced the cDNA ^olecuU, which wa 
found to consist of a sequence of 1 196 nu- 
cleotide base pairs. From the cDNA s nu- 
0, 3 sequence. Deuel then predicted the 
complete amino acid sequence of bovine 
uterine HBGF disclosed in Deuel s 

aP DeueUlso isolated a cDN A molecule en- 
coding human placental HBGF by screening 
a human placental cDNA library using the 
Llaud bovine uterine cDNA clone as a 
probe. Deuel purified and sequenced the hu- 
man placental cDNA clone, which was 
Eund to consist or a sequence of 96 1 nucleo- 
id" base pairs. From the nucleotide se- 



. Deuel determined that the N-lerm na I se- 
quence of bovine uterus HBGF .s Gly - L>s Ly 

- Glu - Lys - Pro - Glu - Lys - Lys - Val - Lys Lys 

- Ser • Asp - Cys - Gly - Glu - Trp - Gin • Trp 
Ser - Val - Cys • Val - Pro. 



quence of the cDNA molecule encoding hu- 
man placental HBGF. Deuel predicted the 
complete amino acid sequence of human 
placental HBGF disclosed in Deuel s appli- 
cation. The predicted human placental and 
bovine uterine HBGFs each have 168 amino 
acids and calculated molecular weights of 
18 9 kD Of the 168 amino acids present in 
the two HBGFs discovered by Deuel, 163 are 
identical. Deuel's application does not de- 
scribe the chemical structure of, or state how 
to isolate and purify, any DNA or cDNA 
molecule except the disclosed human placen- 
tal and bovine uterine cDNAs, which are the 
subject of claims 5 and 7. 

Claims 4-7 on appeal are all independent 
claims and read, in relevant part as follows: 

4 A purified and isolated DNA se- 
quence consisting of a sequence encoding 
human heparin binding growth factor of 
168 amino acids having the following ami- 
no acid sequence: , 

Met Gin Ala ... Iremainder of 168 
amino acid sequence]. 

5 The purified and isolated cDNA or 
human heparin-binding growth factor hav- 
ing the following nucleotide sequence: 

GTCAAAGGCA ... (remainder or 
961 nucleotide sequence]. 

6 A purified and isolated DNA se- 
quence consisting of a sequence encoding 
bovine heparin binding growth factor of 
168 amino acids having the following ami- 
no acid sequence: 

Met Gin Thr ... Iremainder of 168 
amino acid sequence]. 

7 The purified and isolated cDNA or 
bovine heparin-binding growth factor hav- 
ing the following nucleotide sequence: 

GAGTGGAGAG ... [remainder of 
1196 nucleotide sequence] . 
Claims 4 and 6 generically encompass all 
isolated/purified DNA sequences (natural 
and synthetic) encoding human and bovine 
HBGFs, despite the fact that Deuel s appli- 
cation does not describe the chemical struc- 
ture of. or tell how to obtain, any DNA or 
cDN A except the two disclosed I cDNA mole- 
cules Because of the redundancy or the 
ocne tic code, claims 4 and 6 each encompass 
fn enormous number of DNA molecules 
including the isolated/purified chromosomal 
DNAs encoding the human and bov.ne pro- 
teins. Claims 5 and 7, on the other hano% are 
directed to the specifically disclosed cDNA 
molecules encoding human and bovine 
HBGFs, respectively. 

During prosecution, the examiner rejected 
claims 4 8 7 under 35 U.S.C. § 103 as unpa- 
tentable over the combined teachings or Boh- 
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r the cDNA molecule encoding hu- 
sntal HBGF, Deuel predicted the 
amino acid sequence of human 
HBGF disclosed in Deuel's appli- 
he predicted 1 human placental and 
erine HBGFs each have 168 amino 
i calculated molecular weights of 
Of the 168 amino acids present in 
IBGFs discovered by Deuel, 163 are 
Deuel's application does not de- 
; chemical structure of, or state how 
: and purify, any DNA or cDNA 
except the disclosed human placen- 
jvine uterine cDN As, which are the 
f claims 5 and 7. 

t 4-7 on appeal are all independent 
id read, in relevant part, as follows: 
\ purified and isolated DNA se- 
: consisting of a sequence encoding 
heparin binding growth factor of 
lino acids having the following ami- 
I sequence: 

Gin Ala ... [remainder of 168 
acid sequence]. 

he purified and isolated cDNA of 
heparin-binding growth factor hav- 

: following nucleotide. sequence: 

:AAAGGCA . . . [remainder of 

cleptide sequence]. 

k purified and isolated DNA se- 

: consisting of a sequence encoding 
heparin binding growth factor of 

lino acids having the following ami- 

I sequence: 
Gin Thr ... [remainder of 168 

acid sequence]. 

he purified and isolated cDNA of 
heparin-binding growth factor hav- 
: following nucleotide sequence: 
3TGGAGAG ..: [remainder of 
ucleotide sequence]. 
; 4 and 6 generically encompass all 
purified DNA sequences (natural 
netic) encoding human and bovine 
despite the fact that Deuel's appli- 
es not describe the chemical struc- 
>r tell how to obtain, any DNA or 
xept the two disclosed cDNA mole- 
xause of the redundancy of the 
Dde, claims 4 and 6 each encompass 
lous number of DNA molecules, 
the isolated/purified chromosomal 
icoding the human and bovine pro- 
lims 5 and 7, on the other hand, are 
to the specifically disclosed cDNA 
5 encoding human and bovine 
respectively. 

; prosecution, the examiner rejected 
7 under 35 U.S.C. § 103 as unpa- 
)ver the combined teachings of Boh- 
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len 3 and Maniatis." The Bohlen reference 
discloses a group of protein growth factors 
designated as heparin-binding brain mito- 
gens ("HBB Ms") useful in treating burns 
and promoting the formation, maintenance, 
and repair of tissue, particularly neural tis- 
sue. Bohlen isolated three such HBBMs 
from human and bovine brain tissue. These 
proteins have respective molecular weights 
of 15 kD, 16 kD, and 18 kD. Bohlen deter- 
mined the first J 9 amino acids of the pro- 
teins' . N-terminal sequences, which were 
•found to be identical for human and bovine . 
HBBMs. 5 Bohlen teaches that HBBMs are 
brain-specific, and suggests that the proteins 
may be homologous between species. The 
reference provides no teachings concerning 
DNA or cDNA coding for HBBMs. 

Maniatis describes a method of isolating 
DNAs or cDNAs by screening a DNA or 
cDNA library with a gene probe. The refer- 
ence outlines a general technique for cloning 
a gene; it does not describe how to isolate a 
particular DNA or cDNA molecule. Mania- 
tis does not discuss certain steps necessary to 
isolate a target cDNA, e.g., selecting a tis- 
sue-specific cDNA library containing^ tar- 
get cDNA and designing an oligonucleotide 
probe that will hybridize with -the target 
cDNA. 

The examiner asserted that, given Boh- 
len's disclosure of a heparin-binding protein 
and its N-terminal sequence and Maniatis's 
gene cloning method, it would, have been 
prima facie obvious to one of ordinary skill in 
the art at the time of the invention to clone a 
gene for HBGF. 6 According to the examin- 
er, Bohlen 's published N-terminal sequence 
would have motivated a person of ordinary 
skill in the art to clone such a gene because 
cloning the gene would allow recombinant 
production of HBGF, a useful protein. The 
examiner reasoned that a person of ordinary 



'European Patent Application No. 0326075, 
naming Peter Bohlen as inventor, published Au- 
gust 2, 1989. 

4 Maniatis et al M Molecular Cloning: A Labo- 
ratory Manual, "Screening Bacteriophage [lamb- 
da] Libraries for Specific DNA Sequences by 
Recombination in Escherichia coli" Cold Spring 
Harbor Laboratory, New York, 1982, pp. 
353-361. # t 

s Bohlen's disclosed N-terminal sequence for 
human and bovine HBBMs is Gly - Lys - Lys - 
Glu - Lys - Pro - Glu - Lys - Lys - Val - Lys - Lys - 
Ser - Asp - Cys - Gly - Glu - Trp - Gin. This 
sequence matches the first 19 amino acids of 
Deuel's disclosed N-terminal sequence. 

•The examiner and the Board apparently 
used the term "gene" to refer both to natural 
(chromosomal) DNA and synthetic cDNA. We 
will use the several terms as appropriate. 



skill in the art could have designed a gene 
probe based on Bohlen's disclosed N-ter- 
minal sequence, then screened a DNA li- 
brary in accordance with Maniatis's gene 
cloning method to isolate a gene encoding an 
HBGF; the examiner did not distinguish 
between claims 4 and 6 generically directed 
to all DNA sequences encoding human and 
bovine HBGFs and claims 5 and 7 reciting 
particular cDN As. 

In reply, Deuel argued, inter alia, that 
Bohlen teaches away from the claimed 
cDN A molecules because Bohlen suggests 
that HBBMs are brain-specific and, thus, a 
person of ordinary skill in the art would not 
have tried to isolate corresponding cDNA 
clones from human placental and bovine 
uterine cDNA libraries. The examiner made 
the rejection final, however, asserting that 
[t]he starting materials are not relevant in 
this case, because it was well known in the 
art at the time the invention was made 
that proteins, especially the general class 
of heparin binding proteins, are highly 
homologous between species and tissue 
type. It would have been entirely obvious 
to attempt to isolate a known protein from 
different tissue types and even different 
; 'species";' \ 
No prior art was cited to support the proposi- 
tion that it would have been obvious to screen 
human placental and bovine uterine cDNA 
libraries for the claimed cDNA dories. Pre- 
sumably, the examiner was relying on Boh- 
len's suggestion that HBBMs may be ho- 
mologous between species, although the 
examiner did not explain how homology be- 
tween species suggests homology between 
tissue types; 

The Board affirmed the examiner's final 
rejection. In its opening remarks, the Board 
noted that it is "constantly advised by the 
patent examiners, who are highly skilled in 
this art, that cloning procedures are routine 
in the art." According to the Board, "the 
examiners urge that when the sequence of a 
protein is placed into the public domain, the 
gene is also placed into the public domain 
because of the- 'routine nature of cloning 
techniques." Addressing the rejection at is- 
sue, the Board determined that Bohlen's dis- 
closure of the existence and isolation of 
HBBM, a functional protein, would also ad- 
vise a person of ordinary skill in the art that a 
gene exists encoding HBBM. The Board 
found that a person of ordinary skill in the 
art would have been motivated to isolate 
such a gene because the protein has useful 
mitogenic properties, and isolating the gene 
for HBBM would permit large quantities of 
the protein to be produced for study and 
possible commercial use. Like the examiner. 
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the Board asserted, without explanation, 
that HBBMs are the same as HBGFs and 
that the genes encoding these proteins arc 
identical. The Board concluded that the 
Bohlcn reference would have suggested to 
those of ordinary skill in this art that they 
should make the gene, and the Maniatis 
reference would have taught a technique for 
'making' the gene with a reasonable expecta- 
tion of success" Responding to Deuel's argu- 
ment that the claimed cDNA clones were 
isolated from human placental and bovine 
uterine cDNA libraries, whereas the com- 
bined teachings of Bohlen and Maniatis 
would only have suggested screening a brain 
tissue cDNA library, the Board stated that 
"the claims before us are directed to the 
product and not the method of isolation. 
Appellants have not shown that the claimed 
DNA was not present in and could not have 
been readily isolated from the brain tissue 
utilized by Bohlen." Deuel now appeals. 7 

DISCUSSION 

Obviousness is a question of law, which we 
review de novo, though factual findings un- 
derlying the Board's obviousness determina- 
tion are reviewed for clear error. In re Vaeck, 
947 F.2d 488, 493, 20 USPQ2d 1438, 1442 
(Fed. Cir. 1991); In re Woodruff, 919 F.2d 
1575, 1577, 16 USPQ2d 1934, 1935 (Fed. 
Cir. 1990). The examiner bears the burden 
of establishing a prima facie case of obvious- 
ness. In re Rijckaert, 9 F.3d 1531, 1532, 28 
USPQ2d 1955, 1956 (Fed. Cir. 1993); In re 
Oetiker, 977 F.2d 1443, 1445, 24 USPQ2d 
1443, 1444 (Fed. Cir. 1992). Only if this 
burden is met does the burden of coming 
forward with rebuttal argument or evidence 
shift to the applicant. Rijckaert, 9 F.3d at 
1532, 28 USPQ2d at 1956. When the refer- 
ences cited by the examiner fail to establish a 
prima facie case of obviousness, the rejection 
is improper and will be overturned. In re 
Fine, 837 F.2d 1071, 1074, 5 USPQ2d 1596, 
1598 (Fed. Cir. 1988). 

On appeal, Deuel challenges the Board s 
determination that the applied references 
establish a prima facie case of obviousness. 
In response, the PTO maintains that the 
claimed invention would have been prima 



1 Deuel is supported in its appeal by an ami- 
cus curiae brief submitted by the Biotechnology 
Industry Organization and the Bay Area Science 
Center. Amici urge that, contrary to controlling 
precedent, the PTO has unlawfully adopted a per 
se rule that a gene is prima facie obvious when at 
least part of the amino acid sequence of the 
protein encoded by the gene is known in the prior 
art. 



facie obvious over the combined teachings of 
Bohlen and Maniatis. Thus, the appeal raises 
the important question whether the combina- 
tion of a prior art reference teaching a meth- 
od of gene cloning, together with a reference 
disclosing a partial amino acid sequence of a 
protein, may render DNA and cDNA mole- 
cules encoding the protein prima facie obvi- 
ous under § 103. 

(I) Deuel argues that the PTO failed to 
follow the proper legal standard in determin- 
ing that the claimed cDNA molecules would 
have been prima facie obvious despite the 
lack of structurally similar compounds in the 
prior art. Deuel argues that the PTO has not 
cited a reference teaching cDNA molecules, 
but instead has improperly rejected the 
claims based on the alleged obviousness of a 
method of making the molecules. We agree. 

Because Deuel claims new chemical enti- 
ties in structural terms, a prima facie case of 
unpatentability requires that the teachings 
of the prior art suggest the claimed com- 
pounds to a person of ordinary skill in the 
art. Normally a prima facie case of obvious- 
ness is based upon structural similarity, i.e., 
an established structural relationship be- 
tween a prior art compound and the claimed 
compound. Structural relationships may pro- 
vide the requisite motivation or suggestion to 
modify known compounds to obtain new 
compounds. For example, a prior art com- 
pound may suggest its homologs because 
homologs often have similar properties and 
therefore chemists of ordinary skill would 
ordinarily contemplate making them to try 
to obtain compounds with improved proper- 
ties. Similarly, a known compound may sug- 
gest its analogs or isomers, either geometric 
isomers (cis v. trans) or position isomers 
{e.g., ortho v. para). 

In all of these cases, however, the prior art 
teaches a specific, structurally-definable 
compound and the question becomes wheth- 
er the prior art would have suggested making 
the specific molecular modifications neces- 
sary to achieve the claimed invention. See In 
re Jones, 958 F.2d 347. 35 1, 2 1 USPQ2<I 
1941, 1944 (Fed. Cir. 1992); In re Dillon. 
919 F.2d 688, 692, 16 USPQ2d 1897, 1901 
(Fed. Cir. 1990) (en banc) ("structural sum 
larity between claimed and prior art subjcci 
matter, . . . where the prior art gives reason 
or motivation to make the claimed composi 
tions, creates a prima facie case of obvious 
ncss"), cert, denied, 500 U.S. 904 (1991); !» 
re Grabiak, 769 F.2d 729, 731-32, ?> 
USPQ 870, 872 (Fed. Cir. 1985) C(l]n ih- 
case before us there must be adequate stip 
port in the prior art for the (prior art] cslei 
[claimed] thiocstcr change in structure, i" 
order to complete the PTOs prima /</. <■ 
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case and shift the burden of going forward to 
the applicant."); In re Lalu, 747 F.2d 703, 
705,223 USPQ 1257, 1258 (Fed. Cir. 1984) 
("The prior art must provide one of ordinary 
skill in the art the motivation to make the 
proposed molecular modifications needed to 
arrive at the claimed compound."). 

Here, the prior art does not disclose any 
relevant cDNA molecules, let alone close 
relatives of the specific, structurally-defined 
cDNA molecules of claims 5 and 7 that 
might render them obvious. Maniatis sug- 
gests an allegedly obvious process for trying 
to isolate cDNA molecules, but that, as we 
will indicate below, does not fill the gap 
regarding the subject matter of claims 5 and 
7. Further, while the general idea of the 
claimed molecules, their function, and their 
general chemical nature may have been obvi- 
ous from Bohlen's teachings, and the knowl- 
edge that some gene existed may have been 
clear, the precise cDN A molecules of claims 
5 and 7 would not have been obvious over the 
Bohlen reference because Bohlen teaches 
proteins, not the claimed or closely related 
cDNA molecules. The redundancy of the 
genetic code precluded contemplation of or 
focus on the specific cDN A molecules of 
claims 5 and 7. Thus, one could not have 
conceived the subject matter of claims 5 and 
7 based on the teachings in the cited prior art 
because, until the claimed molecules were 
actually isolated and purified, it would have 
been highly unlikely for one of ordinary skill 
in the art to contemplate what was ultimate- 
ly obtained. What cannot be contemplated or 
conceived cannot be obvious. 

The PTO's theory that one might have 
been motivated to try to do what Deuel in 
fact accomplished amounts to speculation 
and an impermissible hindsight reconstruc- 
tion of the claimed invention. It also ignores 
the fact that claims 5 and 7 are limited to 
specific compounds, and any motivation that 
existed was a general one, to try to obtain a 
gene that was yet undefined and may have 
constituted many forms. A general motiva- 
tion to search for some gene that exists does 
not necessarily make obvious a specifically- 
-defined gene that is subsequently obtained 
as a result of that search. More is needed and 
it is not found here. 

The genetic code relationship between 
proteins and nucleic acids does not overcome 
the deficiencies of the cited references. A 
prior art disclosure of the amino acid se- 

3ucnce of a protein does not necessarily ren- 
cr particular DNA molecules encoding the 
protein obvious because the redundancy of 
the genetic code permits one to hypothesize 
un enormous number of DNA sequences 
coding for the protein. No particular one of 



these DNAs can be obvious unless there is 
something in the prior art to lead to the 
particular DNA and indicate that it should 
be prepared. We recently held in In re Baird, 
16 F.3d 380, 29 USPQ2d 1550 (Fed. Cir. 
1994), that a broad genus does not necessar- 
ily render obvious each compound within its 
scope. Similarly, knowledge of a protein docs 
not give one a conception of a particular 
DN A encoding it. Thus, a fortiori, Bohlen's 
disclosure of the N-terminal portion of a 
protein, which the PTO urges is the same as 
HBGF, would not have suggested the par- 
ticular cDNA molecules defined by claims 5 
and 7. This is so even though one skilled. in 
the art knew that some DNA, albeit not in 
purified and isolated form, did exist. The 
compounds of claims 5 and 7 are specific 
compounds not suggested by the prior art. A 
different result might pertain, however, if 
there were prior art, e.g., a protein of suffi- 
ciently small size and simplicity, so that 
lacking redundancy, each possible DNA 
would be obvious over the protein. See In re 
Petering, 301 F.2d 676 (CCPA 1962) (prior 
art reference disclosing limited genus of 20 
compounds rendered every species within the 
genus unpatentable). That is not the case 
here. 

The PTO's focus on known methods for 
potentially isolating the claimed DNA mole- 
cules is also misplaced because the claims at 
issue define compounds, not methods. See In 
re Bell, 991 F.2d 781, 785, 26 USPQ2d 
1529, 1532 (Fed. Cir. 1993). In Bell, the 
PTO asserted a rejection based upon the 
combination of a primary reference disclos- 
ing a protein (and its complete amino acid 
sequence) with a secondary reference de- 
scribing a general method of gene cloning. 
We reversed the rejection, holding in part 
that 41 [t]he PTO's focus on Bell's method is 
misplaced. Bell does not claim a method. 
Bell claims compositions, and the issue is the 
obviousness of the claimed compositions, not 
of the method by which they are made." Id. 

We today reaffirm the principle, stated in 
Bell, that the existence of a general method 
of isolating cDNA or DNA molecules is 
essentially irrelevant to the question whether 
the specific molecules themselves would have 
been obvious, in the absence of other prior 
art that suggests the claimed DNAs. A prior 
art disclosure of a process reciting a particu- 
lar compound or obvious variant thereof as a 
product of the process is, of course, another 
matter, raising issues of anticipation under 
35 U.S.C. § 102 as well as obviousness under 
§ 1 03. Moreover, where there is prior art that 
suggests a claimed compound, the existence, 
or lack thereof, of an enabling process for 
making that compound is surely a factor in 
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any patentability determination. See In re 
Brown, 329 F.2d 1006, 141 USPQ 245 
(CCPA 1964) (reversing rejection for lack of 
an enabling method of making the claimed 
compound). There must, however, still be 
prior art that suggests the claimed com- 
pound in order for a prima facie case of 
obviousness to be made out; as we have 
already indicated, that prior art was lacking 
here with respect to claims 5 and 7. Thus, 
even if, as the examiner stated, the existence 
of general cloning techniques, coupled with 
knowledge of a protein's structure, might 
have provided motivation to prepare a 
cDNA or made it obvious to prepare a 
cDNA, that does not necessarily make obvi- 
ous a particular claimed cDNA. "Obvious to 
try" has long been held not to constitute 
obviousness. In re OFarrell, 853 F.2d 894, 
903, 7 USPQ2d 1673, 1680-81 (Fed. Cir. 
1988). A general incentive does not make 
obvious a particular result, nor does the exis- 
tence of techniques by which those efforts 
can be carried out. Thus, Maniatis's teach- 
ings, even in combination with Bohlen, fail to 
suggest the claimed invention. 

The PTO argues that a compound may be 
defined by its process of preparation and 
therefore that a conceived process for mak- 
ing or isolating it provides a definition for it 
and can render it obvious. It cites Amgen Inc. 
v. Chugai Pharmaceutical Co., 927 F.2d 
1200, 18 USPQ2d 1016 (Fed. Cir.), cert, 
denied, 502 U.S. 856 (1991), for that propo- 
sition. We disagree. The fact that one can 
conceive a general process in advance for 
preparing an undefined compound does not 
mean that a claimed specific compound was 
precisely envisioned and therefore obvious. A 
substance may indeed be defined by its pro- 
cess of preparation. That occurs, however, 
when it has already been prepared by that 
process and one therefore knows that the 
result of that process is the stated compound. 
The process is part of the definition of the 
compound. But that is not possible in ad- 
vance, especially when the hypothetical pro- 
cess is only a general one. Thus, a conceived 
method of preparing some undefined DNA 
does not define it with the precision neces- 
sary to render it obvious over the protein it 
encodes. We did not state otherwise in Am- 
gen. See Amgen, 927 F.2d at 1206-9, 18 
USPQ2d at 1021-23 (isolated/purified hu- 
man gene held nonobvious; no conception of 
gene without envisioning its precise identity 
despite conception of general process of 
preparation). 

Wc conclude that, because the applied 
references do not teach or suggest the 
claimed cDNA molecules, the final rejection 
of claims 5 and 7 must be reversed. See also 



Bell, 991 F.2d at 784-85, 26 USPQ2d at 
1531-32 (human DNA sequences encoding 
IGF proteins nonobvious over asserted com- 
bination of references showing gene cloning 
method and complete amino acid sequences 
oflGFs). 

Claims 4 and 6 are of a different scope 
than claims 5 and 7. As is conceded by 
Deuel, they generically encompass all DNA 
sequences encoding human and bovine 
HBGFs. Written in such a result-oriented 
form, claims 4 and 6 are thus tantamount to 
the general idea of all genes encoding the 
protein, all solutions to the problem. Such an 
idea might have been obvious from the com- 
plete amino acid sequence of the protein, 
coupled with knowledge of the genetic code, 
because this information may have enabled a 
person of ordinary skill in the art to envision 
the idea of, and, perhaps with the aid of a 
computer, even identify all members of the 
claimed genus. The Bohlen reference, how- 
ever, only discloses a partial amino acid 
sequence, and thus it appears that, based on 
the above analysis, the claimed genus would 
not have been obvious over this prior art 
disclosure. We will therefore also reverse the 
final rejection of claims 4 and 6 because 
neither the Board nor the patent examiner 
articulated any separate reasons for holding 
these claims unpatentable apart from the 
grounds discussed above. 

One further matter requires comment. Be- 
cause Deuel's patent application does not 
describe how to obtain any DNA except the 
disclosed cDNA molecules, claims 4 and 6 
may be considered to be inadequately sup- 
ported by the disclosure of the application. 
See generally Amgen Inc. v. Chugai Phar- 
maceutical Co., 927 F.2d 1200, 1212-14, 18 
USPQ2d 1016, 1026-28 (Fed. Cir.) (generic 
DNA sequence claims held invalid under 35 
U.S.C. § 1 12, first paragraph), cert, denied, 
502 U.S. 856 (1991); In re Fisher, All F.2d 
833, 839, 166 USPQ 18, 24 (CCPA 1970) 
(Section 1 12 "requires that the scope of the 
claims must bear a reasonable correlation to 
the scope of enablement provided by the 
specification to persons of ordinary skill in 
the art."). As this issue is not before us, 
however, we will not address whether claims 
4 and 6 satisfy the enablement requirement 
of § 1 1 2, first paragraph, but will leave to the 
PTO the question whether any further rejec- 
tion is appropriate. m 

We have considered the PTO's remaining 
arguments and find them not persuasive. 
CONCLUSION 

The Board's decision affirming the final 
rejection of claims 4-7 is reversed. 

REVERSED 
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and instead render our decision on the mer- 
its. Fed. R. App. P. 42(b). The judgment 
below is affirmed. 
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In re Bell 
No. 92-1375 
Decided April 20, 1993 

PATENTS 

1. Patentability/Validity — Obviousness — 

In general (§115.0901) 

Patentability/Validity — Obviousness — 
Relevant prior art — Particular inven- 
tions (§115.0903.03) 

Established relationship in genetic code 
between nucleic acid and protein it encodes 
does not make gene prima facie obvious over 
its correspondent protein in same way that 
closely related homologs, analogs, and iso- 
mers in chemistry may create prima facie 
case, since there are vast number of nucleo- 
tide sequences that might code for specific 
protein due to "degeneracy" of genetic code; 
gene might be obvious over correspondent 
protein if latter is known amino acid se- 
quence specified exclusively by "unique" co- 
dons, but claims in application for nucleic 
acid molecules containing human sequences 
coding for human insulin-like growth factors 
1 and II (IGF) are not obvious in view of 
cited prior art disclosing amino acid se- 
quences for IGF I and II, since cited art 
suggests nearly infinite number of se- 
quences, but fails to suggest which of those 
are human nucleic acid sequences coding for 
IGF. 

2. Patentability/Validity — Obviousness — 

Combining references (§115.0905) 
Reference disclosing general method for 
isolating genes, in combination with prior art 
disclosing amino acid sequences for 
insulin-like growth factors I and II (IGF), 
does not render obvious application claims 
for nucleic acid molecules containing human 
sequences coding for human IGF I and II, 
since, absent some teaching or suggestion 
supporting combination, obviousness is not 
established by combining teachings of prior 
art to produce claimed invention, since refer- 
ence in question teaches away from invention 
claimed in application by emphasizing im- 
portance of "unique" codons, and since refer- 
ence thus cannot be held to "fairly suggest" 



that its teachings be combined with those of 
prior art, which discloses amino acid se- 
quences lacking "unique" codons. 

3. Patentability /Validity — Obviousness — 
In general (§115.0901) 

Patent construction — Claims — Process 
(§125.1309) 

Similarities between method by which ap- 
plicants made claimed nucleic acid mole- 
cules, and method for isolating genes taught 
by prior art reference, do not render applica- 
tion claims obvious, since applicants claim 
compositions, rather than method of making 
them. 



Appeal from the U.S. Patent and Trade- 
mark Office, Board of Patent Appeals and 
Interferences. 

Patent application of Graeme I. Bell, Les- 
lie B. Rail and James P. Merryweather, 
serial no. 07/065,673 ("preproinsulin-like 
growth factors I and II"). From decision 
affirming examiner's final rejection of 
claims 25-46, applicants appeal. Reversed. 
Robert P. Blackburn, Emeryville, Calif. (De- 
bra A. Shetka and Thomas E. Ciotti, of 
Morrison & Foerster, Palo Alto, Cahf., 
and Donald S. Chisum, of Morrison & 
Foerster, Seattle, Wash., on brief), for 
appellant. 

Teddy S. Gron, associate solicitor (Fred E. 
McKelvey, solicitor, on brief; John W. 
Dewhirst, Lee E. Barrett, Richard E. 
Schafer, and Albin F. Drost, of counsel), 
for PTO. 

Before Rich, Lourie, and Schall, circuit 
judges. 
Lourie, J. 

Applicants Graeme I. Bell, Leslie B. Rail, 
and James P. Merryweather (Bell) appeal 
from the March 10, 1992 decision of the 
U.S. Patent and Trademark Office (PTO) 
Board of Patent Appeals and Interferences, 
Appeal No. 91-1124, affirming the examin- 
er's final rejection of claims 25-46 of applica- 
tion Serial No. 065,673, entitled "Preproin- 
sulin-Like Growth Factors I and II," as 
unpatentable on the ground of obviousness 
under 35 U.S.C. § 103 (1988). Because the 
Board erred in concluding that the claimed 
nucleic acid molecules would have been obvi- 
ous in light of the cited prior art, we reverse. 

BACKGROUND 

The claims of the application at issue are 
directed to nucleic acid molecules (DN A and 
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RNA) 1 containing human sequences 2 
which code for human insulin-like growth 
factors I and II (IGF), single chain serum 
proteins that play a role in the mediation of 
somatic cell growth following the adminis- 
tration of growth hormones. 3 

The relevant prior art consists of two pub- 
lications by Rinderknecht 4 disclosing ami- 
no acid sequences for IGF-I and -II and U.S. 
Patent 4,394,443 to Weissman et al., entitled 



1 A basic familiarity with recombinant DNA 
technology is presumed. For a general discussion, 
see In re O'Farreil 853 F.2d 894, 895-99, 7 
USPQ2d 1673, 1674-77 (Fed. Cir. 1988). 

'Interchangeably referred to as "native" se- 
quences and "genes." 

3 Claim 25 is conceded to be representative of 
the claims at issue: 

A composition comprising nucleic acid mole- 
cules containing a human sequence encoding 
insulin-like growth factor (hIGF) substantially 
free of nucleic acid molecules not containing 
said hIGF sequence, wherein said hIGF se- 
quence is selected from the group consisting of: 

(a) 5'-GGA CCG GAG ACG CUC UGC 
GGG GCU GAG CUG GUG GAU GCU 
CUU CAG UUC GUG UGU GGA GAC 
AGG GGC UUU UAU UUC AAC AAG 
CCC ACA GGG UAU GGC UCC AGC 
AGU CGG AGG GCG CCU CAG ACA 
GGU AUC GUG GAU GAG UGC UGC 
UUC CGG AGC UGU GAU CUA AGG 
AGG CUG GAG AUG UAU UGC GCA 
CCC CUC AAG CCU GCC AAG UCA 
GCU-3', wherein U can also be T; 

(b) 5 -GCU UAC CGC CCC AGU GAG 
ACC CUG UGC GGC GGG GAG CUG 
GUG GAC ACC CUC CAG UUC GUC 
UGU GGG GAC CGC GGC UUC UAC 
UUC AGC AGG CCC GCA AGC CGU 
GUG AGC CGU CGC AGC CGU GGC 
AUC GUU GAG GAG UGC UGU UUC 
CGC AGC UGU GAC CUG GCC CUC 
CUG GAG ACG UAC UGU GCU ACC 
CCC GCC AAG UCC GAG-3', wherein U 
can also be T; 

(c) nucleic acid sequences complementary to 
(a) or (b); and 

(d) fragments of (a), (b) or (c) that are at 
least 18 bases in length and which will selec- 
tively hybridize to human genomic DNA en- 
coding hIGF. 

The other rejected claims are apparently directed 
to cellular hosts transformed with the claimed 
nucleic acid sequences. Because their fate is de- 
pendent upon that of claim 25, neither appellant 
nor the Patent and Trademark Office have con- 
sidered them separately and we will not do so 
either. 

4 Rinderknecht et al., The Amino Acid Se- 
quence of Human Insulin-like Growth Factor I 
and Its Structural Homology with Proinsulin, 
253 The Journal of Biological Chemistry 2769-76 
(1978); Rinderknecht et al., Primary Structure 
of Human Insulin-like Growth Factor //, 89 FEB 
Letters 283-86 (May 1978). 



"Method for Cloning Genes." Weissman de- 
scribes a general method for isolating a gene 
for which at least a short amino acid se- 
quence of the encoded protein is known. The 
method involves preparing a nucleotide 
probe corresponding to the known amino 
acid sequence and using that probe to isolate 
the gene of interest. It teaches that it is 
advantageous to design a probe based on 
amino acids specified by unique codons. 5 
The Weissman patent specifically describes 
the isolation of a gene which codes for hu- 
man histocompatibility antigen, a protein 
unrelated to IGF. It describes the design of 
the probe employed, stating that it was based 
on amino acids specified by unique codons. 

The examiner rejected the claims as obvi- 
ous over the combined teachings of Rinderk- 
necht and Weissman. She determined that it 
would have been obvious, "albeit tedious," 
from the teachings of Weissman to prepare 
probes based on the Rinderknecht amino 
acid sequences to obtain the claimed nucleic 
acid molecules. According to the examiner, 
"it is clear from [Weissman] that the ordi- 
nary artisan knows how to find the nucleic 
acid when the amino acid sequence is 
known" and that "the claimed sequences and 
hosts would have been readily determinable 
by and obvious to those of ordinary skill in 
the art at the time the invention was made." 

The Board affirmed the examiner's rejec- 
tion, holding that the examiner had estab- 
lished a prima facie case of obviousness for 
the claimed sequences "despite the lack of 
conventional indicia of obviousness, e.g., 
structural similarity between the DNA 
which codes for IGF-I and the amino acid 
sequence of the polypeptide which constitues 
[sic] IGF-I." Slip op. at 6. The Board rea- 
soned that "although a protein and its DNA 
are not structurally similar, they are corre- 
spondently linked via the genetic code." Id. 
at 4 n.l. In view of Weissman, the Board 
concluded that there was no evidence "that 
one skilled in the art, knowing the amino acid 
sequences of the desired proteins, would not 
have been able to predictably clone the de- 



5 A sequence of three nucleotides, called a 
codon, codes for each of the twenty natural amino 
acids. Since there are twenty amino acids and 
sixty-four possible codons, most amino acids are 
specified by more than one codon. This is referred 
to as "degeneracy" in the genetic code. The term 
"unique" refers to an amino acid coded for by a 
single codon. See Amgen Inc. v. Chugai Pharma- 
ceutical Co., 927 F.2d 1200, 1207-08 n.4, 18 
USPQ2d 1016, 1022 n.4 (Fed. Cir.), cert, denied. 
112 S. Ct. 169 (1991). 
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sired DNA sequences without undue experi- 
mentation." Id. at 8. _ , 
The issue before us is whether the Board 
correctly determined that the amino acid 
sequence of a protein in conjunction with a 
reference indicating a general method of 
cloning renders the gene prima facie 
obvious. 



DISCUSSION 

We review an obviousness determination 
by the Board de novo. In re Vaeck, 947 F.2d 
488, 493, 20 USPQ2d 1438, 1442 (Fed. Cir. 
1991). Bell argues that the PTO has not 
shown how the prior art references, either 
alone or in combination, teach or suggest the 
claimed invention, and thus that it has failed 
to establish a prima facie case of 
obviousness. 

We agree. The PTO bears the burden of 
establishing a case of prima facie obvious- 
ness. In re Fine, 837 F.2d 1071, 1074, 5 
USPQ2d 1596, 1598 (Fed. Cir. 1988). "A 
prima facie case of obviousness is established 
when the teachings from the prior art itself 
would appear to have suggested the claimed 
subject matter to a person of ordinary skill in 
the art." In re Rinehart, 531 F.2d 1048, 
1051, 189 USPQ 143, 147 (CCPA 1976). 

The Board supported the examiner's view 
that the "correspondent link" between a 
gene and its encoded protein via the genetic 
code renders the gene obvious when the ami- 
no acid sequence is known. In effect, this 
amounts to a rejection based on the Rinderk- 
necht references alone. Implicit in that con- 
clusion is the proposition that, just as closely 
related homologs, analogs, and isomers in 
chemistry may create a P"™/™*^*!;' 
In re Dillon, 919 F.2d 688, 696, 16 USPQ2d 
1897, 1904 (Fed. Cir. 1990) (in banc), cert, 
denied, 111 S. Ct. 1682 (1991), the estab- 
lished relationship in the genetic code be- 
tween a nucleic acid and the protein it en- 
codes also makes a gene prima facie obvious 
over its correspondent protein. 

[1] We do not accept this proposition. It 
may be true that, knowing the structure of 
the protein, one can use the genetic code to 
hypothesize possible structures for the corre- 
sponding gene and that one thus has the 
potential for obtaining that gene. However, 
because of the degeneracy of the genetic 
code, there are a vast number of nucleotide 
sequences that might code for a specific 
protein. In the case of IGF, Bell has argued 
without contradiction that the Rinderknecht 
amino acid sequences could be coded for by 
more than 10 * different nucleotide se- 



quences, only a few of which are the human 
sequences that Bell now claims. Therefore, 
given the nearly infinite number of possibili- 
ties suggested by the prior art, and the fail- 
ure of the cited prior art to suggest which of 
those possibilities is the human sequence, the 
claimed sequences would not have been 
obvious. _ . 

Bell does not claim all of the 10 * nucleic 
acids that might potentially code for IGF. 
Neither does Bell claim all nucleic acids 
coding for a protein having the biological 
activity of IGF. Rather, Bell claims only the 
human nucleic acid sequences coding for 
IGF. Absent anything in the cited prior art 
suggesting which of the 10 * possible se- 
quences suggested by Rinderknecht corre- 
sponds to the IGF gene, the PTO has not met 
its burden of establishing that the prior art 
would have suggested the claimed sequences. 

This is not to say that a gene is never 
rendered obvious when the amino acid se- 
quence of its coded protein is known. Bell 
concedes that in a case in which a known 
amino acid sequence is specified exclusively 
by unique codons, the gene might have been 
obvious. Such a case is not before us.* Here, 
where Rinderknecht suggests a vast number 
of possible nucleic acid sequences, we con- 
clude that the claimed human sequences 
would not have been obvious. 

121 Combining Rinderknecht with Weiss- 
man does not fill the gap. Obviousness 
" 'cannot be established by combining the 
teachings of the prior art to produce the 
claimed invention, absent some teaching or 
sueeestion supporting the combination. In 
re Fine. 837 E2d at 1075, 5 USPQ2d at 
1598 (citing ACS Hosp. Sys. v. Montefiore 
Hosp., Ill F.2d 1572, 1577,221 USPQ 929, 
933 (Fed. Cir. 1984)). What a reference 
teaches and whether it teaches toward or 
away from the claimed invention are ques- 
tions of fact. See Raytheon Co v. Roper 
Corp.. 724 F.2d 951, 960-61, 220 USPQ 
592 599-600 (Fed. Cir. 1983), cert, denied, 
469 U.S. 835 [225 USPQ 232] (1984). 

While Weissman discloses a general meth- 
od for isolating genes, he appears to teach 
away from the claimed invention by empha- 
sizing the importance of unique codons for 
the amino acids. Weissman suggests that it is 
generally advantageous to design a probe 
based on an amino acid sequence specified 
by unique codons, and also teaches that it is 
"counterproductive" to use a primer having 



•We also express no opinion concerning the 
reverse proposition, that knowledge of the struc- 
ture of a DNA, e.g., a cDNA, might make a 
coded protein obvious. 
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more than 14-16 nucleotides unless the 
known amino acid sequence has 4-5 amino 
acids coded for by unique codons. Bell, in 
contrast, used a probe having 23 nucleotides 
based on a sequence of eight amino acids, 
none of which were unique. Weissman there- 
fore tends to teach away from the claimed 
sequences since Rinderknecht shows that 
IGF- 1 has only a single amino acid with a 
unique codon and IGF-II has none. 

The PTO, in urging us to affirm the 
Board, points to the suggestion in Weissman 
that the disclosed method can "easily" be 
applied to isolate genes for an array of pro- 
teins including peptide hormones. The PTO 
thus argues that in view of Weissman, a gene 
is rendered obvious once the amino acid 
sequence of its translated protein is known. 
We decline to afford that broad a scope to 
the teachings of Weissman. While "a refer- 
ence must be considered not only for what it 
expressly teaches, but also for what it fairly 
suggests," In re Burckel, 592 F.2d 1175, 
1179, 201 USPQ 67, 70 (CCPA 1979), we 
cannot say that Weissman "fairly suggests" 
that its teachings should be combined with 
those of Rinderknecht, since it nowhere sug- 
gests how to apply its teachings to amino 
acid sequences without unique codons. 

We conclude that the Board clearly erred 
in determining that Weissman teaches to- 
ward, rather than away from, the claimed 
sequences. Therefore, the requisite teaching 
or suggestion to combine the teachings of the 
cited prior art references is absent, see In re 
Fine, 837 F.2d 1075, 5 USPQ2d at 1599, 
and the PTO has not established that the 
claimed sequences would have been obvious 
over the combination of Rinderknecht and 
Weissman. 

[3] Finally, the PTO emphasizes the simi- 
larities between the method by which Bell 
made the claimed sequences and the method 
taught by Weissman. The PTO's focus on 
Bell's method is misplaced. Bell does not 
claim a method. Bell claims compositions, 
and the issue is the obviousness of the 
claimed compositions, not of the method by 
which they are made. See In re Thorpe, 111 
F.2d 695, 697, 227 USPQ 964, 966 (Fed. 
Cir. 1985) ("The patentability of a product 
does not depend on its method of 
production."). 



CONCLUSION 

Because we conclude that the combination 
of prior art references does not render the 
claimed invention obvious, we reverse the 



Board's decision affirming the examiner's 
rejection of claims 25-46. 

REVERSED 



Court of Appeals, Fifth Circuit 

Matrix Essentials Inc. v. Emporium Drug 
Mart Inc. of Lafayette 

No. 91-4457 
Decided April 19, 1993 

TRADEMARKS AND UNFAIR TRADE 
PRACTICES 

1. Infringement; conflicts between marks — 
Likelihood of confusion — In general 
(§335.0301) 

Infringement; conflicts between marks — 
Passing off (§335.07) 

Retail drug store's sale, without authoriza- 
tion from plaintiff, of plaintiff's cosmetic 
products under plaintiff's mark does not give 
rise to cause of action for trademark in- 
fringement under Lanham Act, even though 
plaintiff alleges that its products are not 
"genuine" because they are sold in defen- 
dant's store without professional cosmetolo- 
gist consultation that is supposed to be avail- 
able when consumers purchase plaintiff's 
products, since plaintiff has failed to show 
any consumer confusion or deception, nor 
does drug store's sale of plaintiff's products 
violate Lanham Act's Section 43(a), 15 USC 
1125(a), since that section does not provide 
cause of action merely for unauthorized 
stocking and sale of manufacturer's prod- 
ucts, absent more culpable conduct by seller. 



Appeal from the U.S. District Court for 
the Western District of Louisiana, Scott, J. 

Action by Matrix Essentials Inc. against 
Emporium Drug Mart Inc. of Lafayette, 
d/b/a Drug Emporium, for trademark in- 
fringement and unfair competition, in which 
Emporium filed counterclaim alleging anti- 
trust violations. From federal district court's 
decision granting summary judgment dis- 
missing both plaintiff's claims and counter- 
claim, parties cross-appeal. Affirmed. 

Louis A. Colombo, of Baker & Hostetler, 
Cleveland, Ohio; Theresa M. Gallion, of 
Baker & Hostetler, Orlando, Fla.; and 
Louis Simon, II, of Laborde & Neuner, 
Lafayette, La., for plaintiff. 
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ratification can be accepted after expiration 
of the period for applying for renewal or 
filing an affidavit of continued use, because 
it is not a requirement of the statute. 

In this case, the renewal application filed 
October 23, 1989 contains a declaration, 
pursuant to Trademark Rule 2 20, signedT by 
Anna Veronika Murray dba Murray Space 
Shoe Corporation, acknowledging co^wner- 
ship of the registration with Murray S>pace 
Shoe, Inc. and verifying the ; facts stated in 
the renewal application. While this docu- 
ment was filed too late to be accepted as a 
renewal application, it can be accepted for 
the purpose of ratifying the statements in the 
application which was filed on August 16, 
1988 on behalf of the joint owners of the 

rCg ASdinglv, the petition is granted. The 
registration file will be forwarded to the 
Affidavit-Renewal Examiner, who is direct- 
ed to consider the renewal application filed 
August 16, 1988 as being properly executed 
and filed by the registrant. 



Court of Appeals Federal Circuit 
In re Jones 
No. 91-1380 
Decided February 28, 1992 



PATENTS 

1. Patentability/Validity - Obviousness - 
Relevant prior art — Particular inven- 
tions (§115.0903.03) 
Claimed novel salt of acid commonly 
known as "dicamba" is not so closely related 
in structure to substituted ammonium salts 
disclosed in prior patent as to be prima facie 
obvious, since claimed salt is primary amine 
with ether linkage, whereas diethanolamino 
salt disclosed in reference patent is second- 
ary amine without ether linkage, since 
claimed salt is plainly acyclic or linear, 
whereas morpholino salt, which is only sub- 
stituted ammonium salt of dicamba with 



ether linkage disclosed in reference patent, is 
cyclic in structure, and since isopropylamino 
salt disclosed in reference patent is primary 
amine, but has iso-stmcture quite different 
from that of claimed salt. 

2. Patentability/Validity — Obviousness — 
Relevant prior art — Particular inven- 
tions (§115.0903.03) 
Claimed novel salt of acid commonly 
known as "dicamba" cannot be held prima 
facie obvious in view of salts disclosed in 
prior patent, even though claimed salt is 
member of genus of substituted ammonium 
salts broadly disclosed in reference patent, 
since reference discloses potentially infinite 
eenus of "substituted ammonium salts of 
dicamba, and lists several such salts, but 
does not specifically disclose salt claimed in 
application, and since claimed salt is not 
sufficiently similar to those disclosed m ref- 
erence as to render it prima facie obvious. 

3. PatenUbiBty/VaM^ 

Combining references (§115.0905) 
Contention that one skilled in herbicidal 
art would have been motivated to use, with 
acid commonly known as "dicamba substi- 
tuted ammonium salt such as that disclosed 
in two prior references does not warrant 
holding that claimed substituted ammonium 
salt of dicamba for use as herbicide is prima 
facie obvious, since there is no suggestion for 
combining disclosures of those references ei- 
ther in references themselves, which are di- 
rected to shampoo additives and production 
of morpholine, respectively, or in knowledge 
generally available to those skilled in art. 



5 This is not inconsistent with Office practice 
under Section 1 of the Act. An apphcMion I or 
registration by joint applicants under Secuon 1 
which is signed by only one party * Suited a 
filing date. Additional declarations by the other 
owner(s) verifying the facts stated in the applica- 
tion must be submitted during prosecution of the 
application, before the mark can be approved for 
publication. 



Appeal from the U.S. Patent and Trade- 
mark Office, Board of Patent Appeals and 
Interferences. 

Patent application of Rita S. Jones, Mi- 
chael T. Chirchirillo and Johnny L. Burns, 
serial no. 07/099,279 (the M2'-amino- 
ethoxy)-ethanol salt of dicamba). From deci- 
sion upholding rejection of only claim in 
application, applicants appeal. Reversed. 

Melvyn M. Kassenoff, East Hanover, N. J. 
(Gerald D. Sharkin and Richard E. Villa, 
East Hanover; Joanne M. Giesser, Palo 
Alto, Calif., with him on brief), for 
appellant. 

Harris A. Pitlock, associate solicitor (Fred 
E McKelvey, solicitor, with him on brief; 
Richard E. Schafer, of counsel), for 
appellee. . 
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Before Rich, Archer, and Clevengcr, circuit 
judges. ; 

Rich, J. 

Rita S Jones et al. (collectively Jones) 
apjeal from April 15, ^l^on o 
thePatent and Trademark Office^ (Ki uj 

2-(2'-Aminocthoxy) - Ethanol : Sa»t of Di- 
camba," as unpatentable under 35 USC 103. 
wSclude that the PTO has not presented 
a prima facie cast of obviousness, and there- 
fore reverse. 



The Invention 

The Claimed invention is a novel salt of 
2-mctboxy-3. Wichlorobenzoic acid which 
acid is commonly referred to m .to* 
A known herbicide, dicamba ta Wwto 
been sold in the form of its known dimethyla- 

"IteifcBffl of the application on appeal 

rC3dS l. The 2-(2'-amihoethoxy) ethanol salt 

° f Th?^«ned salt has the following 
structure: 

ci PCB, 

\ / H 

c<xP ,^-CH 2 CH 2 -0-CH 2 CH 2 OH 

" The Rejection 

Claim 1 stands rejected as obvious in view 
of the Combined teachings of the following 

"Si U.S. Patent No. 3,013,054, Dec. 

Moyle 6 et al., U.S. Patent No. 3,056,669. 

S!aia!ui Patent No. 3,725,031, Apr. 
o 1973 

Zorayan et al., 88 Chem. Abstracts No. 
KVcW Abstracts No. 

Richur', which all agree is the closest prior 
art discloses dicamba in free acid ester, and 
salt forms, for use as a herbicide. Among the 
sal forms disclosed are substituted ammoni- 
um salts, a genus which admittedly encom- 
palsefttie claimed salt Richter does not 
«vcificallv disclose the claimed 2-U- 
a^tioxyi , ethanol salt, however. Most 



notably, Richter discloses (emphasis and 

bracketed word ours): . M u.,; tl ,ted 
Gompositions in which Xjs 
ammonium are amine ^ salts r ol -2-meth- 
oxy-3. 6-dichlorobenzoic acid_ Idicamba] 
and are prepared by the addition of the 
free acid to various amines. Typical 
amines which can be used to prepare such 

amine salts are f^y'^SSS' 
lamine, triethylamine, Acthanolanune^ 
triethanolamine, isopropylamine, n^no- 
Une, and the like. The rtsultmg products 
or* respectively, the dimethylamno, m- 
™th7l%ni«oJriethylamino. diethano^- 
mino; triethanolamino, ^prop^m^ 
and morpholino salts of 2-methoxyi, 
6-dichtorobenzoic acid: m iM 

Zorayan teaches the amine: (H,N 
(CH,CHP),H) used to make the claimed 
St!t "dl as the nse of that amine Hinttoe 
preparation of surfactant* for shampoos, 
^bathVreparations, and emulsmers. . . 
Wideman also teaches the amine disclosed 

" TbSem of the remaining references is 

d^mba and the diethanolamine salt of di- 
camba Specifically disclosed byWchterwete 
"closely related in structure, and that oawo 
upoTthe expectation that "compounds sm^. 

larin structure will have «n"^P£°f«"!??: 
Tnrima facie case of obviousness had arisen. 
tCb!S 1 found that Jones' rebutul evi- 
dence (Rule 132 declarations and data re- 
Sri in the specification) failed to "com- 
Sre the claimed subject matter wi b the 
ctase-st prior art," and accordingly did not 
serve to rebut the prima facte case. This 
appeal followed. 



Analystf 

The Solicitor contends that the claimed 

and (2) the common utility of the ciaimeo 
and prior art compounds support the : Board s 
holding of prima facie obviousness. More 
over the Solicitor adds, although the 
clamied compound is neither a homolog nor 
I Son bonier of those salts specifically 
SisKd in Richter, it is structurally similar 
SKTrtSMy the diethanolam.no salt 
noted by the Board. 



The question of "structural "m^rity"* 
chemical patent cases "-.MjtSS 

more have, in past «* P« "g™5 
1NMBI Fed Cir 1990) (tri-orthoesters 

1978) (stereoisomers); /« re -£""' r { 0 %^ 
F 2d 457 195 USPQ 426 (CCPA 1977) 
(adjactmh^ 

fti » Hoc/i 428 F.2d 1341, 166 UbN *» 
!cCPA^970) (acid and ethyl ester) How- 
S none of'these types of 
larity are involved here. And I i n any event, 
this court has previously stated that general- 
Sot is to be avoided insofar as specific 
Sctures are alleged to be 
ous one frorr . the ; other . M re G'°bwk ™ 
F.2d 729, 731, 226 USPQ 87U, trcu. 

Ci m 1 On 5) t'he basis of the record before us, 
wi lanno sustain the Board's conclusion 
Thauhe claimed salt and the 
salt disclosed by Richter are so closely re 
SJffSiAr as to render the former 
orima facie obv ous in view of the latter. I B 

linkage. The diethanolamino salt ^closed 
ly Rwhter is a secondary amine, without an 
ether linkage" 



(Sfi-CHjCHjOH 
CHjCHjOH 

In addition, the only "WWjJmMijg 
salt of dicamba expressly d«toiri 
ter having an ether linkage is the morpholino 
salt, which is cyclic in structure: 



The claimed salt is plainly, 
linear Lastly, while the isopropylamino sa t 
d"sclosed by y Richter isa primary amine, as s 
the : claimed salt, its isc- structure is quite 
different: R 

J^-CH(CH 3 )j 
H 

[21 The lack of close similarity of struc- 
ture is not negated by the fact that the 



'See generally Helmuth A. Wegner, "Prima 

Facte 'cfiU of C^gF""* 6 
Am. Pat. L Assoc. O. J. 271 (1978). 



claimed salt is a member of Richter s broad- 
S dffied genus of substituted ammonium 
S£ dicamba. The Solicitor contends that 
"Mbe relative size of the genus disclosed by 
the prior art would not appear to . be_ a con- 
trolline factor in determining whether a 
priZ facie case of obviousness exists for a 
SeS/ encompassed within the d«cnbed 

aim We decline to extract from Merck 
the nt i that the Solicitor appears to suggest 
- that regardless of how broad, a disclosure 
of a chemical genus renders obvious any 
soecies that happens to fall within it. In 
m£c* at issue on appeal was whe her 
claims to a composition of two diuretics, 
amuoride and hydrochlorothiazide, presen 
f„ a particular "medically synergistic 
weight ratio? would have been obvious in 
S of a specific prior art disclosure of 
amiloride in Combination with hydrochlor- 
office, one of 1200 such combinations 
disclosed in the prior art reference. Id. at 
806 WUSPQ2d at 1845. Based on the facts 
before i "including evidence at trial that the 
exoerimentation needed to arrive at the 
S dosage was "nothing more than rou- 
Se™ Id l* 809, 10 USPQ2d at 1847, the 
£rt affirmed the trial court's determ.na- 
Uon of obviousness. In contrast though 
Richter discloses the potentially ^finite ^ge- 
nus of "substituted ammonium salts ol d 
camba, and lists several such salts. AesaU 
claimed here is not sjwtoM'*toJ 
Not as we have explained above, is tne 
claimed sah sufficiently similar in structure 
to those specifically disclosed in Richter as to 
renderit prima facie obvious. Every case, 
particularly those raising the issue of obvi- 
ouVness under section 103, must necessarily 
be decided upon its own facts. 

131 The Solicitor points out that, given the 
breadth of forms of dicamba (free acid es- 
ter or salt) disclosed by Richter as hav ng 
her'bicidal utility, one of ordinary skil in the 
art would appreciate that the dicamba group 
has significance with respect to imparting 
Herbicidal activity to dicamba compounds^ 
Thus the Solicitor contends, one skilled in 
the art would have been motivated to use, 
with dicamba, substituted .amm«m salts 
made from a known amine, such as the 
amine disclosed by Zorayan and W'deman, 
and would have expected such a salt to have 
herbicidal activity. Before the PTC may 
combine the disclosures of two o. , more prior 
art references in order to establish prima 
facie obviousness, there must be some sug- 
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gcstion for doing . so, found either in the 
references themselves or in the knowledge 
generally available to one of ordinary skill in 
the art in re Fine, 837 F.2d 1071, 1074, 5 
USPQ2d 1596, 1598-99 (Fed Cir. 1988). 
We see no such suggestion in Zorayan, 
which is directed to shampoo additives, nor 
in Wideman, which teaches that the amine 
used to make; the claimed compound is a 
byproduct of the production of morpholine. 
Nor does the broad disclosure of Richter fill 
the gap, for the reasons discussed above. 

Conspicuously mining from this record is 
any evidence, other than the PTO's specula- 
tion (if it be called evidence) that one of 
ordinary skill in the herbicidal art would 
have been motivated to make the modifica- 
tions of the prior art salts necessary to arrive 
at the claimed 2-(2'-aminbethoxy) ethanol 
salt. See Grabiak, 769 F.2d at 731-32, 226 
USPQ at 872 ("[I]n the case before us there 
must be adequate support in the prior art for 
the [prior art] ester/ [claimed] thioester 
change in structure, in order to complete the 
PTO's prima facie case and shift the burden 
of going forward to the applicant'*): In re 
LalUj 747 F.2d 703, 705, 223 . USPQ 1257, 
1258 (Fed. Cir 1984) ("The^nor art must 
provide one of drdiriary skill; in the art the 
motivation to make the proposed molecular 
modifications needed to arrive at the claimed 
compound.") 

Conclusion 

We conclude that the PTO did not estab- 
lish a prima facie case of obviousness, and 
thus did not shift to Jones the burden of 
coming forward with unexpected results or 
other objective evidence of non-obviousness. 
Accordingly, the decision of the Board is 
REVERSED. 
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COPYRIGHTS 

1. Elements of copyright — Statutory ele- 
ments — OriginaUty (§205.0707) 

Plaintiff's compilation of terms of "ven- 
ery," which are collective terms relating to 
nature and hunting, is copyrightable, al- 
though some terms are generally known and 
in public domain, since many terms were 



creatively interpreted from Middle English 
and therefore -are products^ >.ef: plaintiff's 
imagination, and since arrangement of terms 
was original, reflecting plaintiff s consider- 
ation of factors such as fluidity of language 
and arrangements lyrical and .-; poetic 
potential. '" 

2. infringement pleading and practice — Ju- 
risdiction (§217,05) 
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— Personal jurisdiction 



JUDICIAL 
PROCEDURE 

Jurisdiction 
(§405.11) 

Jurisdiction — Venue; transfer of action 
- In general (§405.1901) 

Federal district court in New York has 
personal jurisdiction over, nonresident who 
granted Jicense to corporate defendant to 
manufacture and -sell products on which are 
imprinted terms which allegedly- infringe 
plaintiffs copyright, since claims arise from 
non-resident's contract -to supply goods or 
services in -New York* since claim? allege 
commission by non-resident- of tortious act 
outside New York which caused plaintiff 
injury within New York,; and since non- 
resident should reasonably have expected 
that, such action would have consequences 
within New York;, venue in New- York is 
proper, since copyright venue statute* 28 
USC 1400(a), provides that venue is proper 
in district in which defendant "resides or 
may be found," and since defendant may be 
"found" in any district in which defendant 
is: subject to personal jurisdiction. 



Action by Janies Lipton against The Na- 
ture Co. and Michael Weih for copyright 
infringement. On defendants' motion to dis- 
miss or to transfer. Motion denied. 

Mark P. Ressler, of Kay Collyer & Boose, 
New York, N.Y., for plaintiff. 

Noel M. Cook, of Owen Wickersham & 
Erickson, San Francisco, Calif.; Janet 
Dore, of Morgan & Finnegan, New York, 
and John P. Sutton, San Francisco, for 
defendants. 

Owen, J. 

Plaintiff James Lipton is an etymologist 
and author of the copyrighted book, An Ex- 
altation of Larks, published originally in 
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